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ABSTRACT

This thesis focuses on the asymmetric leakage current of surges arrester caused by
the multiple impulses current and the different polarities of the impulse current. It is well
known that the leakage current measurement and monitoring is a widely used estimating
the surge arrester degradation for both research and commercial use. In addition, some
studies have been able to further estimate the age of surge arrester. The measurement
and analysis of leakage currents can be done in various ways e.g., measurement the total
leakage current in term of RMS, measurement of resistive leakage current, measurement
of the peak value of total leakage current or even measurement of the leakage current in
term of the third harmonic current. This thesis provides observations on the leakage
current measurement of asymmetrical behavior. The asymmetrical behavior can be
occurred when a surge arrester is stressed by multiple impulse currents. Therefore, the
condition assessment of the surge arrester using leakage current measurement without
considering the symmetry of the waveform may lead to improper diagnosis. This thesis
consists of two experiments i.e., study of asymmetry of the leakage current waveform due
to the multiple lightning impulse current and study the effect of asymmetrical leakage
current waveform due to multiple lightning impulse current with the effect of impulse

polarities.
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(Single-Stroke Flashes) egnuanslilumisnan 2.1 wnlundulunisiianuiiei 1 aseaed



auduldlanihaziassumlafidnsiulaewdsudiim 1 ass azdnnuduldlafdmigiu
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anui frunugaiiteiag Wosifuivasdunuadsiiin | Sruaufegnaiiiu
(81489) wavdenE 1a | adleiwiasnnndt 1 99 Joya
New Mexico
(Kitagawa et al,, TR 49% 72
1962)
Florida
(Rakov and Uman, 1.7 50% 76
1990b)
France
(Berger et al., 1996; 1.5 34% 2995

Hermant, 2000)

Arizona
(Valine and Krider, 1.4 35% 386
2002)

US Central Great
Plains 1.6 33% 103
Fleenor et al. (2009)

Brazil
1.7 51% 138
(Saraiva et al., 2010)
Arizona
1.7 48% 206

(Saraiva et al., 2010)
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formation process) #sgniiauslag Heinz Kasemir (1930-2007) #sefunefauszqludinddl
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. . . s ASIARAITH L NE S L,
(871989) stk 1 AS 5 UYL
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New Mexico
6.4 13% 83
(Kitagawa et al., 1962)
Florida
4.6 17% 76
(Rakov and Uman, 1990)
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AN5199 2.2(519)  MISILEASINUIUASIVRINISIAATINT (T18U) AlesunsTuRinadRLarIIuIu

ASIVDINTNATINIA AL

Sweden
3.4 18% 137
(Cooray and Perez, 1994)
Sri Lanka
(Cooray and Jayaratne, 4.5 21% 81
1994)
Brazil
4.6 17% 883
(Ballarotti et al., 2012)
Arizona
3.9 19% 209
(Saraiva et al., 2010)
Malaysia
4.0 16% 100
(Baharudin et al., 2012)
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[
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A3 11 5,326 Assvaanansailuiiigaay Ssdadu 96% vesianun lneaunsalingiaduiu

gnas AN Ciger’ uavgniunl¥anuase dauanslugui 2.3 [20]

? . - | BimC 4 v
5UT 2.3 inFeaiudnnuassiringnusznevaitwagldam (a) wavasesiatoniunlilunis

Jsgnauasig (b) [20]
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fusniasanieluyszneudesdumuiilidudadunanie wu vazuseulday (G
operating overvoltage) fiusnidsaazuansngAnssuduauiunislni LLﬁLﬁaﬁLLiqﬁugamﬂﬂiam
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NAINT: switching overvoltage) AMUANUNIUTDIAUANIATIVLADY |aAAILATAATITILIIAU
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b i i | L TOV Region S o1t
20.0 , = peakmcov || ,L i 1 i |
10.0 ! | ‘OperatingRange [ == - 1 : Hl
' i of arrester o ! i |
0.0 i 0] 1 V0L i 5013 s 21 £ 1) o |
0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000 10000 100000

Arrester Current (A)

JUN 2.4 n91laneRnanyE YR UANETITENI NN LALAS LS I [21]

[

lngduannng il V- daggaivusiaznaaeulagnanuiaagsy 1un15vinauvesiusin

Y
@sagnuuensne 9 iy 5 grushedumussiuusaiunianasousfues fail

Y2

1. gruwssruldau (Operating region) g1uililuguiiduandssazyinnulanasnaignisly

a1

uvety nszuaiivarudfulugmiaeliddeslndidesaud lnvgrullazaoutislisie

' ¥
a =

punpifiAsuudadly namdeudlegumaiifistunseilnariuazanniumantuiy

2. gruint1vendulds (Knee of the curve) guilidudiildfuagensnn q eesureds
YoulnAATEnvestusnidfasudounatnussfuiinnaseslagnsn 4 LﬁaLaa@mﬁ%{ulU
fusnidfeasiuhnssugesinnd lnolugaiegssnineuesnseuasilnauazeiuns

o v ¥ as o 19 a <, LY ' v %
nszuavasiuindsatues Awanduzui 2.4 asuwanadugaiiinuuidulas
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3. IULSIAUD1DIUALNTEUADNINDY (V et - |ef region) LflusimﬁLaaﬂmﬁwdwauﬁuiﬁﬁum
Tnegiliuindudwifusndsasmhnszuaundinndunsenaiifvundnlusesuaud
$ou mA Faguiliinuaniifisuiafonseuadivaiiufudnidsarsdinszuanuduny
(Resistive leakage current) Miudn Tnglugud Wifinsinunssiuvenssuadnivou
Wiernuhesen1seanuUuTBsNAnLAazL vndunmnsivluansnadnvayeiuinidse

sUM 2.4 aznuntuguivsasuniuasuluasasdieiaaantasvintulanse wan acusu

Y

v a

AnEsvzAsutIande
4. ruusstuiiuiang (TOV region) nuilizusuinanigmeaduldstunuasluenuduais
9199 TN Vier MY YoulImvDstnuienaazvenglUleRanssuanansdunend Tusemning
wnN13al TOV 1wu usadulwihsasmadlaldifavoaddstu wssduilifindutiazgmediay
yhlvinsyuaszduinaniuald Tussritsnisdlainlugiud fdumuaniamesmeludy
Fnifaarfoutuedurnindemninisnssmendirmudunuinndafundanizund
5. gULIIR UL UIINATAINTILaz 161 (Switching Surge and Lightning Surge region)
dmsuitagnud fudnidfaashnssudluuinamn mahlifissamiifadulusuuuy
dustadiiiuuayavernemesussiuAey luteiadiudluauilalasiui dnwag v-
Tugudlaglilwegamgd
2.6.1 guUnsniUaanuLIIAULAY
Aamnnsveanaluladfudndsaduiidnuaslaeiainisusulgeduresifiudenl i
dudseneu Tnssaia uasyiavesaunuvesgUnsaitlesiiusing 4 Adsuly dsnisldanugunsal
Jostuwnazdalinansenuneseaunistesiusazdunuvesgunsalszuulninlaesiudneae
vanmsvihauedguasaidostunssfuiuisunmudinuinisnmsiamivesgUnsalgnasy
uazuanseglusUil 2.5
1. aUnsauny (Spark gap) luga4A3 1IN VeIARISI YA 20 wisnUeInAgn
thunldaudiedostuussfuiiluss ol mdnnsvesatifauntduarendomsuszan
sErineNAMUYesaUILieissarietufu s UNMsaIuYesgUnsalildiosnsas sy
Tngussiuiusnanivesariauntazdesiianissninilefiasfavfaussfuiulineu suuuy
Tassaireves atriaunvosnanimilgnuandusuil 2.6 [22]
yanurasaUrsALnUAedeuarsIagn uiegslsinaursawnylianunsaldauls

vgunsainnvwaksaiukasliaunsamdanssualvaniy (Follow current) Aanudiastavil

WM salliduaugn antensinuvesalsaunuduivesdusenouvatvduyinlingg
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sonuuududuluasudsen egnlsimsdiaaiunisldnuvesauisaundlutagdudmsu

aunsalduussiusn dvsusiuussiugaiuieginasnnuamuvssauiuduiudediiime

%
NNATUINAT
1.) Protective 2.) Valve-type, non-linear- \L 3.) Metal-oxide arrester
spark gap resitor-type or spark- ZnO
N gap arrester
SiC
m
A v hv A v
Rated withstand voltage Rated withstand voltage Rated withstand voltage
(insulation level) (insulation level) (insulation level)
v res V
(J;l Y Vso Sparkover voltage VSQ4 I
v
-~ Extinction voltage r Qg voltage
i Short- | 1 / Vex: V1 8/20 | 8/20
M Impulse circuit | M| us | m us
current current ¥ / Operating voltage - Impulse J | Operating voltage  Impulse
(kA) @ / current Leakage current current
vi- | ‘ (kA ~ (pA ... mA) ‘ (kA)
response = —&= 1 —==
characteristics i [ [
- Sparkover voltage
Protect S0
[elv(;[p( i V;o Sparkover voltage or Vres Residual voltage
res  Tresidual yoliage
gz::lz;ng Network protection Vex Extinction voltage Vr' Rated voltage
Pern t
| e - No No Leakage current
current

JUN 2.5 vann1sviuvesgunsailesuussiuiunuansieiu 23]

\

.—

Steel

Material:

Ceramic

Copper

@ ———— Conductor:

Steel

Conductor:

PPT thermoplastic

Spark gap:

Electrode:

U 2.6 Tassaiswesarsaunuiiiveduluilagtu vunm 100kA dwuusadu 350 V [24]
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[V

2. fuanidsaviiadiuny (SiC Surge arrester) gnitmuUuanlugaed 1950 1u
msldanusinduvesisiununlidudadusasundeinie (Spark gap) egnnelu laseasis
vosgunsalgnuanseglugy 2.7 Faisumunlidudaduiivssnaumeansiaiiia Sic fu

v a

AnEsavliatunUazianudunuiiganniteswignisiunuennieseegyibliinssualmaniy
Misiues a grunssuldnuey wanuandsavdedileymndAgiiiunseualvaniu(Follow
current) MLANTUNSIINNITAATITILTIAUAY Tnedudnidsastiniiunudazliausaduonsai

Anduld Yagduiinisldnudesanufeudniyluud wazgnuaunumedudniwwuuldduny

ur.‘/////l -

1. Line end connector
2. Porcelain housing

3. Series gaps

4. Non-linear resistance
element block

5. Ground connection
6. Spring

7. Base

8. Water tight sealing

(a) (b) (c)

v o

5UN 2.7 lassadavesiuanidsaviiaiuny (a), fudnid
Jugadu Sic [25-26]

pllunuleay (b) wagiaumuly

allo,
=D

Y

3. fiudnidsaviin ZnO (Wszwad 1970) Tnsazendesaniunuliidudady
a1suseneveenlaflany (Metal oxide) W3aisundn Audntsuny (sapless arrester) Jagdufiudn
Wewiin ZnO dnrslaudusgaunsnaie LﬁmmﬂwqﬁmwmmhjLﬁul,%ué’wfummm
muauliienin duandusuit 2.8

2.6.2 gUwuuwazlaseaivasiuaniniviia Zno

druvszneundnvesiudniiislaenaluudrazuseneulusiouis Zno insdouduog
Aol wazgnituiuiuiiofalidrfisneidulelaiues (Fiber glass) w3eenagauasiaviusie
ALY FIUUUARLAZANSAAYBILYY ZnO FzgnIneviusiednhdianinga UATINTIV8S
wisiniorazgndeusiuinnnin 1 Aeu ielsildmmenvesiudniuinfiomesesfunsud

Idau aeuenaavesiudniiivzgnuassivaisawiuiiviiduniy ieanaua3unaes
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aulniy Yanorvenduldianesuaunsolndwes lassadnvasiudniwifldmunisnisdd

=

wanaRaguN §UN 2.9

Y

1. Line end connector
2. Porcelain housing
3. Conductor electrode
4. ZnO resistance
element block

5. Ground connection
6. Spring
7. Base

7 8. Water tight sealing

5

(c)

(@)

JUN 2.8 lassaisesiudnidsavialifiuny @), fuanidsavialdiiunuinldan (b) uagsn

suyulaiuadu Zno [25, 26]

Optional
Universal
Animal
Guard

Stainless Steel Line Terminal

Stainless Steel Cap
w/Nameplate Information

UltraSIL™ Silicone Electrode

Rubber Housing ———————-?/f 4
-

1st Epoxy Bond

OV Disk

Fiberglass Reinforcing Strips:
Solid Interface Bond

Protected

2nd Epoxy Bond
Creepage

Spiral Wound Fiberglass 3rd Epoxy Bond
Electrode

Optional Insulated (Hidden)

Mounting Base

Auxiliary

j Nameplate

-« Optional Isolator

Stainless Steel
Ground Terminal ——

JUN 2.9 lassaevesiudnidsavialdiiunuildlumenisén [27]
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2.6.2 aauauuansiniinazauiauvas Zno
ZnO Wuansisii Tnengluieluanaves ZnO dulidosirumaundsnuiinita vilidl

ALsITUTInaengs wasnudeawluiinlaas [28] lunsuandagtuvesuvisainudiumu Zno

vada '

W ¥neguan ZnO Aua1sdu o Wy TiO, Sb,0s, BeO, Al,Os, KO tialilanuaudafianii

o ;7 a

watesnmmelniives Zno gnusuusamen1siinans Zro,, Cr0; w38 Nb,Os @15A9Na13gN

9

andugdidudeuneldaungiignaiuan aulddaduniuliidudadu zno Ailleinsuy

Y

(grain) aztdeauarnsonldau

wsLIUINANvBMYRAIIF LYY ZnO Sutufureuvendeinsy Fsazgnenuaulag
asiefiAudnly wu TiO,, Sb,0s, BeO, Al,05, K,O ey SiC ﬂizmumimiLLUigUmaﬁaqmﬁﬂ
waw Tiusznoudeinsuatsiisimiives Zno asgndeusetieduuns 4 vestanidudily degn

wanseglugun 2.10 wiounsnmegsigndesganssedibuy SEM Tugui 2.10(b) vuinvedinsy

ZnO gnsyusayinabiuszanal 5-20 um Wagduun 9 Negseninensy Ianunuidszaia 0.2

Y

UM @15 ZnO TAUAIUNIUINNIZY Y UWAAISIARBUTEULDNTDY ZnO WU JAUAIUNIY

Y0IfUANIASa FealinvesdusznoureinumuLaYfUUIZY

intergranular
layer

- .
: % ZnO grains ) 8

JUT 2.10 lassadenmundnvesiuZnOluguusunin (a) uagigndewinendesanssed (b) (28]

o paaudidunsihliivesdidiuniu Zno du: gnduunesndu 2 g1unisviaiu Wude

gruneaunIsiuIAnIY FangAnssuvesiidudadusyninnseuanazuseu tnglugiunis
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MUt UL YNESUILAIENANTIUNTA18MNUTEVRY Schottky Trufunsdnguasansia
v o oA & =~ o e & 1A a Ao Ay =
A duguiaesiugniiendt gruusnanal Jadugmiiuansnginssunldidudadunayd
nszuumstumatiliihidudeundi [29]

AaantAdunNfoureaiaduny Zn0: a1nlassadsvestudniddasud 2.9 du i

Y

¥ o

Aruniu ZnO gniiusisauiuwdsdsduauiuiudiuuen wandiudsdedidalunsssuiy
ANuFoureItuAndse Aslunisfnwinuaudfisiuaiusoudududnnisdadendfey
wfiosn MM iivesdiafiumau ZnO Wi Yuiugamgiilneseuniguen, ANa1NNTaly

N13N358A18ANINIBU, NMFTIHBNANNVDIFWNUNIUMIBNTEIEBUTad warn1sidexeny

dielilaiatiesnmmniseuguugiivesiacuniu Zno By Amadliiinggaeainnis

AAYITY NTTURAITABAAWYIIAY AIANUTEUN SEUIEBENG N18UBN kaziAaNaa

YRRV

Lauﬂi’]‘V\rLUiUV] 2.11 LLﬁWQﬂ\’lLaﬂEJiﬂ"lW‘Vl’Nﬂ”I‘UE]m‘WﬂlI %QLLﬁ@QﬂQﬂUWNﬁMWU 55¥1IN

nasLLazgUnad gl T, uanstiegaun)ilnieuen I96n X uanitiagun)indfgn

fissumudsasegluaiosnmed uazaada Y uansdsueugianvesoamniindnsogly
@dgsmnusednenilsdegunaldensssuigdnisuenta wWelasan Y Auld Audnidsa
wliansnszuneanuiouiegludduls Amasauiidiaiuseningmn X wagga Y gn

38031 Amasufgensularesiuanidsa (allowable surge energy)

power, W

temperature

;sﬂﬁ 2.11 unsmluanaaiesnmmnisgamavesiuanidsa [29]
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aglsinumAIaugndIuvestuindsaninals e1vazaininlunisu o iesann
ANUEEMeIINMsiUisukUasgamiiuuuiuiiviula(Thermal shock) #3en1siinng
Wanane(Puncture) anelu B9929v09Tx wazTy Tvu1anietu Auwanidernnugaly

Souvaanuandsanagsulaundustunu

2.6.3 nMaidsuanmuazengvasgUnsaifufnLasa

Tasnluudinmsidenanmaesgunsallyliving q gnvinlaemsiiiouidssnaautinng
(siiazidunisnavzemalnil) vesanugtagtuiagluefin snuvaznsiinsginsidenanm
fugesodedeyaannistuiinfuiudatiinieniy Wensdeuanmiugniemesiuasfina

wén Aazgnihanlduselivangresaunsalnum Weslesiuarudemeiiasiiniy

(%
v a Y 1

msUszfiunsidenanmvasivanidsatugniivdeyauazlinseiiuundusdennauds

' '
a v a2 a

U0 fnuidenangsuidenanwiiieanunisidetan nvesiuanidsa aemalanisnisn

fneiueanly YINAN1SASILANISERLAN WALV LA WIUEIUINTY enfIBEu

[ a al'

1. MsAnwInauRINTUd Polarization wag Depolarization ¥03AUANLASY AianUILEUD

Y

'
a

lng Welson Bassi waie He'dio Tatizawa &400ya71ninnledauysaing o gnunudinsieiite

Y

MungraaIneuniuAndsaaviinaudens wielusnuiddesu q Anulamsuiinsiuaue

wadadulglun1siasigiiuny Ineauisadnenuiulaain [30-32]

a

2. watAN3AnyINNITIATIsitoyaveanasuinuandsatuiuenlunaeneignis
199y winAedyjuauedsmdsnuntusndsatuauisavulalaglifiaanudony [Wuiivsiuiu
ANfuANETIveeHANLA g T 1B TUHIAMAMTAlUNIYATUNAINUTENI AR IT LTI LAY

(Energy handing capability) lagneiu

v
1% =

TagnnAuaNLAsasUNd1uNInnIta1nuaiusasuls Avztinaiusouduniely

a

ldgnisifinsesunnininienisifewadissnmmieainuieu (Thermal runaway) JU71 2.12 uand

]
A

fanAuieuniuanidsaninsassuigeenlatuaamall Wnevnniuandsaligamgiitiuei

Y

Avuaeadesnimnsgang dfiawnsasuld AeviAnaudeneaiuun waile
A5ANYIASITAINAIIUNAURNLESAFIUITONULAG bASTUNISANYINULLIINIG FaWFbIUIFY
SEHULBNNAN YT UFAIUNIUIT AN UDIsEIULIITUR aslusyauvas ZnO 1Sawas vselu

LAULTIAUAIVBITUANESY ZnO [33-35]
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»
|

Electrical power losses

Limit of thermal stability
(unstable operating point)

Heat dissipation

Normal operation
(stable operating point)

Heat dissipation, electrical power losse

v

Temperature

JUN 2.12 idunsuanaatesnmndsnunslnihuagaiuseuresiudinidsaioumgiin

Andu [36]

3. malaTinseiatngaungivesiunnidss WWuimsuiusdumgmsasiniisnusuennis
HeNaNMYRIUANATIAD NMIANTUYRAMT kaznInaumgEtwNaLINTY AUANLETIRLE

Y

lonafnmsaudeiadosnineamgiils nuitTenfnwnisiumedaillaun [37-38]

4. WARANISILASIE NN TYRASIVRITUANET 5T TWASNTeuld Tuegrawnsvanely

Y]

Uagdu anvanefiatdigninunlalumsviaunsalineneliwasiuandsalumamaisddnaae

Y "

9INNFINANUEUNUS AN YT VBT ULASNILUATIINUANIASAFUN 2.4 wansliiiiudn Tu

' = A

g1UN159197U (operating region) WasAUANLETIIZINTLANTI MR UA UL sEanT IR

Auan wazussiugaduludnies nszuafiiaindu lunisnduiuiiussduaadn wmindudn

@sainsidenanin nssuasvarumiiuszdiafivgndudawandugun 2.13

Tnen1sianseuas il fauUsiuivenfanIsdenan nuenuandsalafngnfe nsvua

Filvaauiuniu (Resistive Leakage current) spananfuasudrlunsufjifasnsavilasan
d" a o 6 a £ % 5

10 Wesnnildyausunmuainneusnwazasueinnialiiinainussaulaiiluszuu deduly
UNATY MdaTevinseiailvavesiudndsadsldlusuuuuvesmsiinseideyavesansueiin
7 3 Iounuy WAL lIUI9INNTHENNTERES A AANUAIUNIUYBINUANLESDDAULAINUIN
Llidusuadulmioganysalunuszneudessusiinialsanu fludduiianunsausuen
mMainuvesnsideneglanfagnfesisuetin? 3 (gnuandlugui 2.14) 5935080 Tudnniladsn

fuuiudnmetissaniinansesnuandygiasumuneusnwazngluszuulidesndn
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Before pulse stress
— = - After pulse stress

1.6

lllllllllll

LogE (V mm~)

Current B

O p 8 ’_l Ll 1 L L1 1 ] l | l B I Ll L1
9 8 -7 -6 -5 -4 -3
LogJ (A cm™2)

(a) (b)

JUN 2.13 nemlandnvaugvesiuandsamudsulviiodeuaningd (a) way nsmanuduiug

994 J-F fUANLasa ZnO naukasnadbasuaueIenanniIstdaunadtnly (b) [39]

150 -
[ | Liotal B Voltage,.f,
40 1594 400
120 4
- a0

204 - 200 <

y | <20 S o4
2 z
= % z
1 K 0 402 £

2 = o 60
S 1
> 420 =
-20 - -200 b’

440 30

40 1 60s -400
0
T T T
0 10 20 30 40 Y ! 2 3 1 5 6 7 8
Time (ms) Harmonic order (/1)
(a) (b)

3UN 2.14 a3AUsenouraenTelasilvas e iuanidsa (a) kay a1nuvesesAlsenauvedsns

ueilniinasieg (b) [40]

2.7 nszwasaluavasnuantasaviinluisiwny

eIt Ruld UL sRuAnA gl fUAMENYMY Yo UANLET AT 197

MR UNISYINUlug U 9 nraMEnvzusIULaENIELE JASIETN naonIuvtnveiudn

1%
a v o 1

A Snvadananidlassaiisluanaieg neludsaevoutanginssunisviu (iden 2.6.2)

=

Foduiaiunudlidudadu dnuluidedeznaninasauyasgisievesiudnidssd

wldnsiesginisdenaninmensesuasiiva 1asauyavesiudndsatulsenaulume
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1. ddumutuuendsagviouainanuiuniungludiiuieweaiioinsy viensy
FlvaneuenaNiii

2. shsumunlidudedudaziounnngiinssunisfavisaussiuiu
v o= = ¥ A a LY [ v &

3. dufvsgBeasvieuannauaudalumsiialnailsieduresian uazaArdiiuusey
wia(Stray capacitance)

JUN 2.15 Aua1eanfiedulsenouasauyavesiuandsaniieased g vesu

ZnO nilawvis(a) uar 13sauyavesiuAndsari usznaulusieuia ZnO wang quvisinadau

aenub)

Voltage

ZnO micro structure

. ZnO grain ‘ Barrier eodlel

(a) ()

JUN 2.15 WITANYARE1IIBVBIUIIN ZnO (@) wag HaTanyaLilothuisdilddududu Zno

Matpuiy 5 Julsznautdunuanidasa (b) [41]

deudnidsagnananglianaliihannussiunnnaseutidianlasavivaeuasiiodnin
navesmNi U lidudaduiy wilugrunsihaueesiuindsaesiliiiuesdinssua
vasuldvuindn 9 (50-200 pA) lnenszuasaluailiseninnseuaialvasiu JedlesAuszneu 2

dumeiu (Wanslugun 2.16) Ae

a o

1. osfUsznovvesiiulsey: namdmgiunssuaszddnvauziiovazidundugule

A B}

' 1%
)=

\eahengRnssuveadinuysey YuaveInIziazaeiuLssn U198t vesiu

ISP 1

andsa 90° TumeuduusnnszuaduiulseyiliaziiAunnniinssuassnusznoud
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AIUNIU AL DA UANLASAAANITHEDUANIN ANEDAVDINTLRAILTANUDENINNT LA

29AUsZNRUAMUA LN UREaLTIU LAY

[ =]

(3 v Y v 1 & L4 1
peAUTENOUTBIAI UL Ne Ve unseiavslianwae i usUled undl

A7
(%

aNwrdLTUEAIIATULIATRITIY Bnnsdaliyumafeliulsiug1sBdnmey 39

29AUSLNDUVBIAIAIUNIULLDIN AR IDINSEDUANINVDINUANLATD

Line voltage

m

R

Tz

JUN 2.16 BeAUsENOUTaINIEUATIlVavesUANLAS]

winTERas arud U ULzt us LU AUDN AINIS I EDNANINYRITUANLAS AL

v Y

win1sHeNaIAUsENaVEaNNNINNSTIE S A TN tuAsut Wvzdudou Tunnsgiuves IEC la

TR wuIN19nIseNaIAUsENaUVBINI EhaSIANATUN U Na1835

i

o Tupnsnei 2.3 laagy

WBnsuenesrUsznauleld wieunitenlazUaldevesisns o Al [42]

1.

v a ¥

THussruanasoui ol udyyrus19de: A8nsilendensladyyiue19993n

LSIR UL 1PNATUAUANLAS Y AEUUIUD 19D IEIUITOLT ANIUSUNITD1UAN

T

drulsgnourainsekasdidfumuliiuilouswiulniined Nyngean (du/dt=0)

9 Y

ausaeussuliiuagseiunssuaifsiunumseeadalaalauvs ogunsali

Y o add @ ax Y PN 1y a wa P o aA 1 o
pdnefiu A5UTuIEM I lunldluiesujURnsien1sasrainiiiadugn
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2. nsindreiuresnszuasiaivuszylaglduseiudneds: fudnnisasn o Aenisld
199505 AduseguioUTuArBINTERas I A SUAUNSTLAR A UUTZRAUN 321199983
U3N9HIAINNANAATANADNEARNIEN TEUAVDIAIA UM UYL
3. nswndnsiuvenssuaiaiulszglaglilduseiug1eds: ndnnisiiuguedyy i
9198 svIAudNugugnaselulagduaseiandeyanlaainnszuaiilaenis
USuueundgauasyumadsanunsavilalnednludfinielagldesadalaalay wive
] v &
YAHAIUUTLNDUVBIANNUUTEY
4. MsinavedAUTENRUNSTUARIAUUSYIMENITTINNTZULATIVIE 3 e F8nsTigniiy
lnefuguiiliainnszidoidusznaudunuiszguesivandsaluusaziassiion
[ v & P o & [ di L3 o &
ndeyeyauussruiluguac 90° wasludaanguaduled lnsmnsninssuas
S o« v & : = o v &
nilesRUsenourasiuiuyszyluudagmamandansiuiu navaensenaiiivlsey
LA INA1agaiuLaz iy
M13190 2.3 AauURvedsmsinnssLasilvanuiunuluudazis
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ANNILUIVEINANTZNY ¥ .
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Uszauna-
: 208 = ®
aal 19 [ @ B )
Wmsianszuadilva Shieaacseane:in g3 S g = sadlunng
A
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A8 NNATDULAZIIYALLDEANITNAADY

TuunilosuiefsnuaziBonamandivesiiedamaass Afaulsfiisides 29asns
YIAGOU MIDBNLUUNINIARDY ARDATUTITIBALLEEANITNAADY T9NTNARDITUYNLULIDNLUY
Tngy 9 el 2 Wdemuinguszasdanismeass sulsun

1. Msvaaesil 1: Mm3AnwisUadunszuailvailiauasidesiedninavesnsyuady
faduuusioiies

2. MMAAR 2: MsAnwNavesgUndunsEuadalnai liauunsidesiiedvsnaes

NSTLADUNAALUUABL URINLUIVBINTLRAANNY

3.1 A1aE1WARY
Tumsneaesiiegnmeasuiigninulfidususniasavinlifiuvndmiussuusming

(Distribution class) itdulevosinanluiiufl Fafogsmaaauiigniuilddussneudedu 2

danuiatensnaassiinanindrsdulnegauandlusisnedl 3.1 uaz s 3.2 niouriagy

YosfuRndsansaesgnuandlusui 3.1

M99 3.1 $gasiBunnaldRvesiuAnESAENERN1 dmsunImeaesi 1

fruds A7 aVeld
syauuseiulgeu (Rated voltage) 21 kv
seduusasuldausianios (Continuous operating voltage) 17 kV
Wnanszuafaunsa (Rated discharging current) 5 kA
AyenLsITUALMEBYRINTTRANTIRAUTY (Max. steep current
impulse residual voltage) 122 <
ANYDALTINUALABVDINTEUEDUWAANINT 5 KA (Max. Lightning
impulse current residual voltage) B <
Aszzsilravasrsusiunen (Leakage distance) 680 mm

AL VRITUANLATA 432 mm




P a wva v v a¢ Y a a o (% d'
f19199 3.2 5’]8’518L@HﬂﬂmﬁllUWUaﬁﬂ‘UﬂﬂLﬁiﬂz\!&la(ﬂ‘WZ FNTUNTNAABIN 2
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AU

A ne
syAuuseiuldau (Rated voltage) 24 kv
sedunsaiuldausenios (Continuous operating voltage) 19.2 kv
Ananszuanaunsa (Rated discharging current) 10 kA
ANYDALTIAUAILUNABUDINTEUEDUWAANINT 10 KA (Max. Lightning

63.6 kV kV
impulse current residual voltage)
Aszezsilravesrsusiunen (Leakage distance) 820 mm
AINNEIVRINUANLAT] 378 mm

(b)

JUN 3.1 Audnidsamenisiiduiiegmageuresnsmaasi 1 (@) uwag N13naaeei 2 (b)
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3.2 2995918n52UaduUNad (Residual voltage test circuit)
19957gnldlunistdounszuaduiad (uguil 3.2 uaggudl 3.3) dugnviuuiiugiuaes
umsguielildindanssuaduiadguadunnnsgiu 8/20 us mMasnsgIu IEC 60099-4 luiite

# 7.3 [42]

SG Ls VD
C;
CGCT+ G MOA
R
Rqh 0SC Cyt= 0SC
I~ ¥ .3

5UN 3.2 199eaeudmsutounssuaduiadinguaauiinsgiu 8/20us

Too?l  C, Ao fafudsyaeynsy SG fie guasauny
C, flo fiuUsyguunu L, Aesmilenioynsy
Rey AIFIUNUTUR VD gunTalannouLsisiu
osc peataladlay Ry 0N TUAMTULLYTS

MOA AUANLESY

asfiadsnszuaduiadgnunsamensmunszuansdlituiuiulszg ntudle auda

wnUgndsliineu ndsuiazauegluinudsegargniavssinuiudnisadalutagveaey

inusnietsarfdunuieUsuguadulilaanuimun luvasieiiuwssiuaaviodoniy

v a

ANLASTATINILALYNIAMIERUNTUAANDULT U kAENTERANAYISIILYNIAAIEAIAIUNIUNIY

Fudl UaRuNsELalazussiudaagninldvzgniuiinuazuanwaiunmtineves

U

soadaladlal auaudivesgunsaildlunisnaaeugnlulilunianuan n
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5U# 3.3 21993nngoUNIEkadu a6

3.3 19953ANILHESIAMUE UMY (Reference voltage measurement circuit)
nuNil 2 aded 2.7 11msgau IEC6099-5 Teugainlidennsleund anszuasininy

Fruynumesiuiniadsalivaeise iy InslumddsatuiimsindramavesnszuaiafivUszagn

vhnldlunmsveaey ilosnifuisifinnuuiuddeutigauazmnzdmiunsmaaeunely

Viowaaey lagrsasnadeugnuandbiluguil 3.4 ndoudasgnUuusanulashUadiuisnuuan

=

wuuAl (Ramp) Fnelifuiudnidsanigndesyluinstegnaerunumeduiulszauinsgiuc,

[

doyayranssuailwanududnidsauasduiulssggniloudigaunsaluiad (Bridge circuit) tie

€ a 3

nsiUeuifisunszua nelugunsaliu3adtulsznoumeiinuuszquazduiuaudnusuanle

]

o

Meaogils Felunmageudumudygiaidinsslaivesiuandsaavgnaily diudyaiu

g7 U
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o 1

v & £% a [ L]
VOINTTUAMILAUUTZINBIzYNUIUANAIINALAUYTZYUTUA

9

Moneluagas welrlanseuas

(%

Wiuuszgiindeiunszuasilvasiulaned dyaradiiuimunszgniuiinuasuaninaniumig

winvevetesadalaglal gunsaiusadngniunldnugnuanililusuil 3.5 auaudfvesgunseal

Y

ldlunsnaaeugnlybilunianuan «

RD Tx VD Ck MOA

=

AC '

G

JUN 3.4 1993ndeudmsuInnsEaTvanuiunig

lowil: TX Asvidlonlainadou RD A9 AR UNIULN
VD Fiegunsaianoulsiy V fig Taaniines
osc fo aoadalaglay C FafiunszRuInsgIL (Coupling capacitor)

MOA @9 fUAnLasa

HV

SPECIMEN1 SPECIMEN2
c External Scope 1 (5

p— p—

A B
O_J Detector }—( >

o)
Sa Sc S

Ca
BRIDGE COMMON

FRAME

T

(b)

5UN 3.5 gunsaluinanldlunmsvegeu (a) wazraasauyaniely (b) Bauansduiiuaudusuenle

9
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3.3 Myingauuniivasiuanidsa

' 12
(2 a a =

nildlunsidesuanimvesduanidianiiaduey Ussasuinlugluuureanisg e

Y

v a

wefiosnmvoseamadl namAeledudnidsaldsundsnuainduiadiin wassudiumiaain
nsfas$aneinmanndesy nieluuasyinligamgiveswinfiuniunianesifiugeliu ms
uanasugamaiszniesdidumuuaziudonlassaaiuuoniduluseissssuei udmndy
éﬁ’mﬁ%ﬂlﬁ%'uﬂssL,Lﬁﬁgqndwﬂﬁ'mﬁumﬁaLawﬁamﬂé’%’uwé’wm'ﬂWﬂ‘ﬂwﬁﬂ%ﬁﬁﬁﬂ&ﬂ%ﬂﬁwiﬁwﬁquuﬁ
avauegiuszueeoniuldldtufionanilugmsgydoaiosnmuosnungiviefasesuanld
Fetlunuiteatuilfinvinaveanszuaduinduuudeosiddetudnasaluudynvoinszua

$lva ienazdudunansenuiiddensruaiilyaiigeeg1uied M13IngUMInaINAfiudn

[
=

d@salasuisdnluieduduianudemensiiunisagdoaiesnnvesgamainuliliinty
Tngiurisigamnignyimyintuinysenoume 3 sunusivenagliliteyavesgungiodns

nlagiaualinsgun 3.6

A\ N
fuY [T

\J &

% 3
funanN

%, /

- N
RAURY

N\, /

5U# 3.6 suvlaasiudnidsagningaumgd

3.4 5198LDUALAZNIZUIUNITNIAGDY

3.4.1 N15VNa9N 1
A <, A e A ) Ay o A 9 a a
nsnaaes 1 \dunmassuiiefnwizuadunseuaiilvailiauuinsidesniedninag
YoINThRsuNTELaBuTaduUUdaLlas Inefauntfiazisun1snaaesliumeg anaaaugnyvinnis

Fardulsganglinazannzaiiuasnsziasinnudumuiiadudeyadiduasldluns
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Wisuidleusield deyafigninlduandilumsned 3.3 Snianssuatimuiunuiiialdgnuans
1iluguil 3.7 uae 5UTl 3.8 laeiedrmamouiigninantdlunisinumiudiswouimun 2 # o
Anszsinginssuanuliiauinasvesnseuath anlianmnsiugnuanseensUvesdiusiees
AweanszuaiiriuudIIngnnautunssuas L iuUsEsaudesudaguuunlums
thiauegnauameaniluzivestafifud uenmntussduusssuililunsteudiotanseuats

PULMIUNY 2 SLAULSIAUADT 21KV hATIEAULSIAUAINSULTINUDIDINTLLESIN 1 mA (1mA-

reference voltage)

M990 3.3 VauneeBd MU NVAFOURUANET I NN

'
Y a d

u

Gkl 981911 fA98191.2

gaunndl (Fuuy, @unans, @uans) ) 31.1,32.3,31.4 31.9,32.1, 32
AUDANITLASIAUSIUNTUT 21 KV 184.4, -213.6 2287, -250.2
(Fneeailsunn/Aesnilsau) [LA] [MA]
WO T UAP LA NANANEDR +/- 13.67 % 10.19 %
AYOANTELESIA TSN LS IS99

- 3313 kV 32.85 kV
AEWAIIN 1 mA (ImA-reference voltage)

. q . / 1.075, -1.119 [mA] 0.945, -0.954 [mA]

(meaniauIn/Agsailiay)
WosiudmuLANANIANEDR +/- 1.20 % 0.94 %

184.4 pA

b

1.075 mA

=

-213.6}pA

-1.119 mA

(a)

(b)

JUN 3.7 JUARUNTEUARNAUNTLYRIRUANIATIRI0E197 1.1 dmuusaiui 21KV (a) uay

WSIFUT 1mA (b)
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0.945 mA

2247 A

e

2502 uAf

(a) (b)
UM 3.8 JUARUNIELARANANUNILYRIRUANIATIR 108197 1.2 dmMTURTIAUN 21KV (a) uay

WSIUT 1mA (b)

wasndiandaulsene glegninuastuiinieldudeyasisdedmsuToudiound
nsrurumatounszuaduwadinideideddldis uduiu nrsmeaeugniuaauauneld
anmeieuluiamaaey mstuiinguugiilaesey AmuFuduivs uasaamduusssnalia
31.8°C, 64.8 ppm W@z 758 mmHg ANLaI9U ImaiwazL?J'am%gumaumimaawzgﬂa%maé’qﬁ

1. shogemadoud 1.1 asgndeudaenssuaduiadi el Unduminsgrudauin
8/20ps WUy 10 sy waraSieiudungn 10 s variituinEsainam saaesond ey
sUnAuLsITuRAeTInnATeLTUANESuALAsELARAT S ARz g YIS Tauas Tulinn

2.\l aafdunsvuvaunsdounseuaduwadiinindedes amidemenisuangn
n3vaEeu gumgiilunsassiunegnin sauiludanssuasalwannudumuiinsedu 21 kV way
L59UEN9BT 1 mA masnaugURunszuATIaRINagnTuina AU

3. fhegunmadaugnaiaelinnelfanzgumgivaedoniiielionmadifuiaam
sysumAuan 1 3u

4. v¥nneiaegemaaeuiiall 1 fu gumpiluudaziumisgnindnass sauluds
nszuasalnanIuF NI ULty 21 KV wazusaudsded 1 mA nasnaujUadunsruad
wanamagniufindAuly WelSeuifisuauunnsis

5. fegramnaeuit 1.1 awgnioudonssuaduiadiiideiosuaduinnsgiuiay
8/20ps tudwiu 5 afs uiazadainsiudunan 10 s varidusndsafinnsiaudandeny

sURRULTRUALERNInNATENTUANIATIRAENTTLARAYISARL YIS IAwasTUTINA
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6. \lowasadunszurunisteunszuaduiadiiideiier arudemenisuangn
n3aaey guungillundaziuniignin suluianszuasilnannnudunuiiuseiy 21 kV uaz
LIS 1 mA naenaugUndunIzLanuanagniuiinawiuly

7. Tudegramegeud 1.2 Wwasgnihgiudedfuiudiegmaaeuil 1 anudei 1-6

3.4.2 N5NAADII 2

mMsnaaedi 2 iumsnnasuilednwnavessuadunseuaalnailliauannsideaday
dviraveseInsEuaBiaduUUseLlas it ne snTeuainafy MsmnassirgnAnyiseainnig
yaaesii 1 fudunisinvinavestansriaduiadlasdauyfsdinialdauinasvessUadu
nszuatlnaduannsodaldnnnsdeunssuaduiadunudaidesidtnuduivanrieay us
noAnssualiauinasiuagiaiueanlunnisvinaninuavestud wnieades lurues
\Werfudeuntiiiazsummaass MegrmeasugninnsinAiulsgumgiluarannzasi
uaznsruasIm s umuiieuteyadsdauarldlunsusouiivusely deyaninlsuanslilu
n131971 3.4 Brksshegansruasinusunuialdvesiiosnad 2.1 way 2.3 gnuandlilusui

3.9 - U 3.10 Inglun1sneaes ddwudegimadeutuargnuusesniu 2 nau nquay 2 6

M99 3.3 TeyadnsdedmIudedmadeuiufnidsnani 2

- Nl 1 ngudl 2
AT e — — —
f7087192.1 | MBg192.2 | f7987192.3 | Aleg192.4
gauunnil (duuy, diunang, d1uany) | 28.8,28.8, | 28.8,28.8, | 28.8, 288, | 288, 2838,
°C] 28.9 28.9 28.9 28.9
AUDANSTLASIANEUNIUT 24 KV | 0.235 0277 0.261 0.249,
(Aeenilauan/meeniiaan) 0267 mA | -0.321 mA | -0.295 mA | -0.291 mA
WS EURANULANAIAEDR +/- 11.99% 13.71% 11.53% 14.43%
AYOANTERASIAIUS LN LT LI
. Y 0.905, 0.901, 0.927, 0.905,
91999N32LETIN 1 mA (I1mA-
-0.986 mA | -1.005 mA | -1.012 mA -1.048A
reference voltage)
. . . . [25.9 kV] [25.9 kV] [25.8 kV] [25.9 kV]
(AganisuIn/Agenieau)
WS UAPINULANAIANLDR +/- 8.22% 10.34% 8.40% 9.92%
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0.905 mA

0.235 mA

-0.267. mA

0.986 m,

(a) (b)
3UM 3.9 JUARUNTZUARMUAUNTLYBIRUANIATIRI0E19M1 2.1 dmMTUUsIUN 24KV (a) uay

WSIFUR 1mA (b)

0.927 mA

& 0.261 mA \
10.295mA

1.012 m

(a) (b)
3UM 3.10 SUARUNTTUAANNAIUNUYBINUANLATAFIBE19N2.3 dmSuusIduil 24kV (a) uwag

WSIFUR 1mA (b)

nasanfiadiuuseng ldgniauastuiiniadudeyasisdedmividToudiound
nsrurumstounszuaduwadinnreldesialdisuduiu nmnaougnihuazeunuagld
anmzdoulaiemaaoy dmsduiinguugilnesev mnTuduivs wazauduussenialia
31.5°C, 84.4 ppm W@z 756 mmHg AUASU I@EmaasLaam%umaumimaawsgﬂa%maéﬁ’qﬁ

1. fothmaaeuil 2.1 wag 2.2 gnifousnonszuaduiadilvitderdesgunduannsgu

42u2n 8/20us LHuT1IU 5 ASe wiavaswistwduna 60 s vauriidusndsaiansiavisa

WA JUPRULSUALMFRInNATNRUANIETILAENTERARAYFIAEYNYIIN T TALas TuTin
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2. 1. fogaveaeud 2.3 uag 2.4 gnioushenszuaduiiadiinrieiossUaduuinigiu
daau 8/20us UL 5 afs uravadwirafuduna 60 s vauritusnidsaianishausa
Wiy sUAAULTITURIERTinnATouAURNIAS LA NSTIaRaTS IR YIS alas TuTin

3. ifleladadunsruiunsdounssuaduiadiirdedes anmdsmeaisusngn
n3vaeu gumgiiluusaziumignin suiludanssuasalmamnuiuniuiinsedu 24 KV uay
Lsud193eil 1 mA naanIusURdunszuaiiuansagntufinanAuly nssurunsiaggniinf
Fhogamadouti 4 i

4. feghanaaougneiaslingliannzguugivandeuitelfgumgfifuiainu
sysum e 14

5. fhatmaaoudl 2.1 uaz 2.2 gnilausnensvuaduiadiivinderiessuaduninsgiu
42uan 8/20us LWWuduau 5 afa uiazadaistuliung 60 s wsfifudniEsaiansaass
wiu JURAULIITUAIMERInNATeNRUAMAS LAY nTsIdRarT IR g YN Talaz Tufingn

6. oL MAABUT 2.3 Upe 2.4 aﬂﬂaumaﬂiuLLaamwaaﬂwmmamaﬁﬂﬂaumm%mi
au 8/20ps tudiman 5 ae udarafuietuduna 60 s vazddusnidsaianisianda
WAL JUAAULTITUAITERTInnAToLAUANLAS LAY NTIaRavISIRE YN e TuTinn

7 iilaladd unsrurunsdounszuaduiadiirideiiies ammdomenisuangn
n3vdey gamgiilundazsunygnin suilufanssuasalwannuduniuiusediu 24 KV way
L5sUB9BeR 1 mA AasnIusURAuNsTUAT LARsHAagnTUTinALAULY AszvIUMIHazgnYAU
FoganapUTi 4 i

8. froganaaougmaiitelinglianizqamaivindeuitel fgrumgfifuininu
sysumdua 13

9. frednemareudt 2.1 uay 2.2 gnileusenseuaduiadihuindeidossuaiunsgiuta
au 8/20ps tudmau 5 ass wiazefehatuluna 60 s vaedfufnidsainnisianda
wiu sUAAULIITURUERInnAToLuSMASILAY nssIaRav SR g Yn T Ialag Tufing

10. fhegmaaouil 2.3 uay 2.4 gnilousienszuaduiadilvitellesgunauuinigiu
92uan 8/20us LHud1uu 5 afa udazafainstuduna 60 s viifudnidsaAansaass
wiu sUAAULIITUAIERTInnATouURNIASILAE NsTuaRavF IR g Y M T Ialag TuTing

11 diawasadunszurunisteunssuaduiadiwdaiios mnudemenisuengn

n3aaeu guugillundazduniignin suludnszuasilrannnudunuiiuseiy 24 kV uaz
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W3AUS9BIN 1 mA aenaugUadunszuaiuansragniuiinaniuld nszuiunisilazgnyiriu
fMetamagauia 4 ¢

12. AS2UIUNNSN 8 - 12 dugnvigdnviaviaia 2 A3

Moz inIULANITIEALIBEANINTINYBINITNAADIVDINITNARBIT 1 WAy 2 8E19E0 tagn

wanaAsansnsuUaIT

nInaaag

[fAnsNaTRINTELEI? Ina s wHhadNnanT [ANBNAVBINTELES? Ina auLHaIuanHg
Vl@i”%’uni;LLaﬁjw”aéLLumimﬁaa] ’uaa'ﬁ’dni;uaﬁjﬁaﬁmusﬁmﬁm]
@089 A20819 70819 A20819 A70819 A20819
nagaui 2 nagaun 1 nagoaun 2 nagaui 3 nasgaun 4
[MIaaaray n1IAININaL
P ” & d y
LUBIAWLAZIN *(\ LUBIAULAZIN
faaus] Aaauls]
+ + [M3asvEay [M3avI9Rey
- P — ~ g M
\ LUBIAULAZIN c('/\ Lﬁﬂ\’ﬁuuﬁ:fﬂ
NNINIIIFAY s, A o
[; At frsaprge shaials] Andauds]
LUBIAULAZIN Iﬂadﬁullﬂ:{ﬂ
el dnenuds] —
. o1 [M3nT9988U [M3a9§ey
P ) - ¥
tUaIAULAZIN flages =6
MIfII9RaY [MIaTIRay Ve i LUBIAULAZIN
\iassuuazia \lasduuazia R feaus]
GRERIET| daauds] + —
[Mya3narauy [MIaIIRay
\ilasduunzia iasduuazia
faauls] ]
- i |
273U x 5
[MIasnRaay [NIaTaRay
\ilaaduunzia iasduuazia
Angauils] ddauls]
- +
[M3a32980Y [UREEERREGI]

iasduuazia osduuncia

Andauils] Adaus]
— +
[M3anaFey [M3asagey

& o ” o ™ o
iasduuazia %0 lesduuszia

s s




UNN 4

NaN13INAgaU

Tuunilazuansuansnagouris 2 Manaaes ALY 9 1Wu sUARuNsEUatalva
AU gl AussfunavdeestuinAsavnsAnnishiauia sunseranisuUanalu
a'ausuammuhjammm%qLﬁua;@ﬂszaqﬁwﬁﬂmmmﬁwﬂu%ﬁaiﬁuﬁu uaNNHHANITNARBT
lavinstuiindudeyadu azgmiunisussddnivazasy lnedrdunisuaueazgnises

ANUAPUNITNARRINNAATUUNT 3

4.1 HAN1INABBNN 1
luTunouwINUeINIINARBIN 1 fred1nnaaaun 1.1 wazl.2 gndeusienssuaduiad
serleaguadiuunsgIudiuan 8/20us 1uduau 10 ase lnglurasiiianshaysaves

(YY)

fudndse sUndurenseuatazusitunsvdofinnasentusindsalagninuasuiin dauanddy
n919ft 4.1 nsEinFugnunuiigURAULsIRuAInED wagnT AR gRUNUAIETUARUN YL
fAaynia Iu(}]ﬁwaLLﬁﬂﬂé’h@ﬂNLLﬁEﬂﬂ?ﬂluﬂ‘?ﬂﬁ 5 uag 10 whﬁ?uimamaamt,azguﬂﬁumaqLLiqﬁu
nuwdegnldiuinasivisvesnsvaaeuyssd (Routine test) Wufu Avgunduausavenléds

nsiineademensluninguaaulinngea (Chop)

M58 4.1 sUPRuLSIRUALVERLaYNTEuARATITINvIINsTUinuasieE 1 madeUN 1.1

LAY 1.2 899N beSUNTELARUNAAABLIBIIIVINTINIUL 10 ASI

fegrvageu | AT JUARULSIAUALT DWAEN TERARAY5A 38aLLDEN
[kv]
,SDKV{dLv,,5u51dw,;,CH1§25[1M3815,,,;,,,,,.;,,,,,;‘ ,,,,, , ,,,,, e Chi: Vo[tage
Up = 71.086 kV
Ch2: Current
AR NAFBUTN Ip = -10.097 kA
5
11 ’Gkﬂdc?nf’5USi'dW’3‘CH2:2C570M?iS”:I””‘E””’3"”:5’”:3 8212 T]. — 8329 US
T2 =17.96 ps

TEnd = 22.11 ps
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M19197 4.1(s10)  UARULIIAUALVARLAENIELARAYTANITIiNsTuTinvesiMegnaae Ui

1.1 1ag 1.2 1899 lAsUNTewaduNadn oL la st uINa1LIU 10 AT

3 ik Jem | | Ch1: Voltage
; Ch2
| : Up = 71.301 kV
g Ch2: Current
Fregmaaeudi 0, 5W lp =-10.061 kA
1.1 s jon | | TL = 8.332 s
12000 ] 1
| T2 =17.94 yus
TEnd = 22.11 ps
B0kvIdi. - Bus/div. . CHUZSOMSis 4o ioeeooio_ L. Chl Chi: Voltage
| ANNIE " i che
UM ' i Up = 73.790 kV
Ch2: Current
Frethamadeui . . 520 - || 1P = 98679 kA
Zesl Q| SR - Syrd T EMEASO MEls ¢l T1 = 8.392 s
TR L oA AN g NN o0 |2 B 0813 ps
i TEnd = 22.32 us
12007 o . i'»
o W) e e A 30 "[ps]
g 60KvIdlv. . Fpsdliv L CH1250 MBS o _-.i .t ____]Chi Chi1: Voltage
; — ST P N
BN i e IR TN Up = 72.172 kV
g Ch2: Current
AIBYNNAEDUN N s AR ek oos el ;“B] Ip =-10.010 kA
2.1 ~ BRATd- Gpidy 12 250 M = | A7 ] ent T1 =8.417 ps
O o v o T O SOOSE WO O T2 = 18.15 s
- TG TR . . TEnd = 22.33 ps
12 OO:,ff,f, N —— £ g@,,nfﬁ10_6§,f:i,ij:$:i f,fj:f,f‘f,::i
a1 ! T2TEnd !
o o T ENE '30 " s

na1IniAIeg1maaaunaeslasunseuadunad ik wazaudemenisusngn

ATIvaeU nudliianudemenigueniinsianuiuanidsansaesdaaseyluanmildaule
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auunn NN a3 AsIEYiNG 52D INSELESIINAAIMUATUNIUTALSIAU 21 KV hazhsIny

9 Y Y

1% a

8199991 1 mA uanalilunisnedt 4.2 uay gﬂﬁ a1 - g‘dﬁ 4.2

n:i' v i = ° o o 1 = o %
$119190 4.2 AU TR NANMINITIAYBINIBY WNATDUN 1.1 uag 1.2 Maﬂf\]’]ﬂé‘]ﬂ{jau@’lﬁl

NTEADUNAFNIHNIADLTHDIIIUINT UL 10 AT

fruys foenel.l F98191.2
gaunndl (Fuuy, @unans, duans) ) 48, 111.4, 75.7 66.3, 90.9, 45.9
AEoANSERASIALFIUTUT 21 KV 0.671, -2.337 0.713,-2.618
(Feanilsuan/Aiganiau) [mA] [MA]
WesiGudmnuunnf1sAgen +/- 71.25% 72.73%
AN OANTEASIANUAIUNIUTNSITUS19D 27.743 kV 28.75 kV
N3euasIN 1 mA 0.430mA, -1.019 0.447 mA, -1.147
(Faentlsuan/Asenkau) [MA] [MA]
WasuRANLANANATIEEN +/- 57.80% 60.94%

0.671 mA 0.430 mA

]
i+

1.019

2.337

(a) (b)
3UM 4.1 JUARUNTEUARAINAUNTUYBIRUANIETIR08197 1.1 dmTUUSIIUN 21 kV (a) uag

WS9AUT 1mA (b) naaanguleusmensuaduiaddelieatauindiuiu 10 A

wasInUuieg1megeugnINiiall 1 Juielioamginmuauainnslasundanuain
nszuaduiadludufawmIusssuyd nsnseviilidunisdsusuumnnisalnusssumfdeny

AnLdTRaIsanseLai s LazmaN1Talaauas laelllonsuiaudl sUAdunseLasiluaniy
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Aumugnvinisinsnasaiefnunginsuvesaiuliauuinsvesnseuasiivainnginssutiu

JungAnssuinduiissdinsivsenns lnenamsinlauanslunisei 4.3

0.671 mA
0.447 mA

N7

1.147mA T

2.618 mA

(a) (b)
JUN 4.2 SUARUNTEUAANUANUMIUYBINUANLETIRIBE19 1.2 dImFUNTIIUN 21 kV a) uag

[

WIUN 1mA (b) vidsarngndeusnienseladuiadsaiiiaarauiniauiy 10 A

Mg 4.3 ARuUsEe 9iigninisinvesdegamndeunt 1.1 way 1.2 vaeanngnineiiald

TAdusamusssurAidual 1 Ju

fruys fnoenel.l $198191.2
gaunil (Fauuy, daunany, @uan) [°C 32.3, 33.6, 31.9 31.8,31.6,31.3
ANEaANTERASIAILAILNIUT 21 KV 0.361, -0.867 0.444, -1.439
(Feeniliuan/Aeeniau) [mA] [MA]
WesiuAANUUANA1IALER. +/- 58.34% 69.15%
AN OANTAS IR AU IUTILTITUS19B 21.1 kV 21.0kV
nsTuasifl 1 mA 0396 mA, -1.113 0.394 mA, -1.04
(Feantlauan/Ageniau) [mA] [mA]
Wasidudanuuanf1eAgen +/- 64.33% 62.12%

TunausaNIfIeg 1uNAae uNaRsgnUaumensekaduiad i saIlessUnauLIn gl
T78U 8/20ps F1UU 5 ASY wazgUATuLsIUALmMARTianATeuiUANETIMAENIELARAY1TIALYN

M yiauaziuiindl (anslunnsein 4.4) lngavuansuameg1agunduanie 3 ATty
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M19197 4.4 sUPGULTIRUALTRBLAE NTEMARAYIFAIINNISTUINYR R 1eMAdRUN 1.1

way 1.2 n8InbesUNTELaduNadnatlioItIauUIIUIU 5 AT

fegmagay | AT JUARULSIAUALTET DUAZNTEUARAYS] TeazdYn

V]

cn

™ Ch1: Voltage

30RVIAN - i

e T Up = -65.33 kV
_______________ Ch2: Current

fregmaaaud ‘ i Ip = 10.10 kA
1.1

T1 =8.717 ps
T2 = 18.64 ps
TEnd = 22.97 us

= T A S S Ch1: Voltage
e AP Vi ’"’j J Prowy Up = -65.91 kV

A Ch2: Current

fegrmaaaud - Ip = 10.06 kA

2 5 o 5 0 15 20 25 30 55 [us]

dkajdiv L Bysidiv | CH225GMSls L~ 1~ ch1

1.1 Teeiet , #1712 8663 s
Ay T2 = 18.64 ps
1 TEnd = 22.95 ps

o1 T2 iTEnd!
20 25 30 o [bs]

&
S
oF
°
&

i Ch1: Voltage

. R W e Up = -67.29 kv

K e, W P i AN Ch2: Current
Fegmadeun | e e et i = 9.951 kA

L | e o T1=8651 ps

: ! — T2 = 18.59 ps
i TEnd = 22.90 s




a4

M13197 4.4(s10)  JUARULIIAUALVRBLAENTEUARAYI TN NsTUTINYeITIRg unARB U

1.1 8% 1.2 #8990 lAsuUnseuadunads ol Uaatauanuiu 5 A

T ; 3 Ch1: Voltage
. ]
3 | = Up = -67.08 kV
L y i Ch2: Current
FAIDYNNAFEDUN
L ———— IR
2.1 ,
i e T1 = 8.656 ps
NN/ _j T2 = 18.60 s
TEnd = 22.94 s
N e TR 05 | \ghi: Voltage
Y e ) - Up = -66.54 kV
. Ch2: Current
mEPSIgy Bl WS Le i Ea-h) B Lbo2 ke
21 oo, & WA A AR sy N
N 1A - o — T1 = 8.666 s
\V
- - » T2 = 18.62 s
| TEnd = 22.94 s

(b)

UM 4.3 fudnidsadegamaaeuil 1.1 Miiansssdandindeunseuaduiadseiiostiaula

2 A59 (a) kagFLALIAnNSIEOnean (b)
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Tuduneuvasmsifounssuaduiadinefraunuudedesuu 5 ad shegrmaaoud
1.1 IAnmsszdatundannteunssuaduiadliugn 2 ads ANULALMIENNNEAINYNATI
wuilsesunnvesauuievusuuendfianslilugui 4.3 msdnwigundunssuasalvailal
ausnasdinssiusield iesnnngdnssuvesiudnidsaiiiannudemeluuduas Sensdia

meglussuuliihdinadudoyaimiraulawazdulsslovisgrunned

[
v A (Y]

nmsfanszuaialvavesdiudnidfasidudestrsussiulinnasoududniada faiums
Adadanuaendeiafiuresyinnimageunasdunind duveuniosiiemanagouadu
Hadenilsiigniunfinnsun deuniiazvinnsveaey nsianisiinfavisaunsdrugnminduy
siadanaaeunilsdeuntlnefiqaussasdndn qiamun 2 Yefle Manaassounssiuiiiieg
noAnssuvestusnasaiiianmssedaneldamuliin AC Snanansanudennuaioatuls
violil Usznisfiaesfansusediunginssuves PD fisesuusswiuidesnsaininistumntos
dindla miniseduussdulafivin PD 4 way PD wduiutwien 1 dugnuandliifiudid
wssuiudenwonlfifurinamisenasinnisusaamdauunld faglivhnismaasud
wssdutiu il evaaeatfouusiiunnasenudnidsaiiatmaaauiis.l 115a PD uwuud LA
(Conventional measurement) galdlumsnaaeuassil 2silldlunisiagnuandlusuil 4.4 Tae

- ¢ Y %
NgunsnlunazAIUITNOUNIY

1. UMA9NELIIUNTELATRY 3. gunInIUSuBUUn 3
2. @1uv89n1590 PD 4. AIpYNARBUNUANLESY
D" A4
. o
Discharge &
calibrator

®

Ccauplfng

(2 Measuring part

UM 4.4 19953N"51AnAaw15au9dIu (Partial discharge measurement circuit)
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dlansnageuinnisiafawsavisdugnii@unuiniaPD Mietuidusiinvedlalsul

[

(Corona discharge) MLAATUNIIE IVDIUTIFUFT TEAULTIAWTUAAVDIRAY$IUNEIU(Partial

discharge inception voltage) iATUAKTIFY 14.48 kV (FUN 4.5) wenanilvimmageulitu

wsasruluaunsysta 18.54 kV (SUT 4.6)

Y

NUIIAIUITERURINSAARAYITIUUTAININ wavUsean

AT uTIvINYeINaduInd Ul apwussiueld Jsaunsoasuladnnisdounssiuiiion

Anseuaiivaanuiunuiuliaansatewfiunisydu 18 kv ladlesannagtludganudeme

- —— [ Intensity
_a g — 200 Gamut [Pulses/s]

2999 ms

282

163

8.28

449

243

132

071

0.39

021

0.1

0.06

0.03

A:

Qe
9.061 pC

Freq. integration at
250 kHz + 150 kHz
from: 100 kHz

to: 400 kHz
1,786,026 pulses
in30s

Gated Percentage
static: 0%
static partial: 0%
dynamic 0%
IEC 60270 status
conforming. Calbrated|
today at 11:25:32

A
%)
14.29 kv
Veus
14.48 kv
fy

49.97 Hz

Intensity

L T Ao St L
: TES T Pulses/s]

=
200 Gamut 0

100 nC 1 ! y ! |
L e 7 | L — a—" ¥ i =2 na—
. . 05—, S = b o AN F | % .
—
A 7 AW N\®/ . LN° ¢ 4
1

194

10.9
10nC

6.09

341

A:
Qec
67.22 pC

. integration at
250 kHz + 150 kHz
from: 100 kHz

to: 400 kHz
1,786,350 pulses
in30.01s

Gated Percentage
static: 0%
static partial: 0%
dynamic 0%
IEC 60270 status
conforming. Calibrated|
today at 11:25:32

A:

vIv2
18.16 kv

Vims
18.54 kv

fv

50.03 Hz

5UT 4.6 NsifinfiavsauedInesiiegmageUn 1.1 Mlsaiy 18.54 kV



a7

waeIntuiieg nage usaasgninuiInsrUIuMTInA Mgl waznseuasilva
AUAUNIUTLTIAU 21 KV UAZLTIRUD19897 1 mA BnATY Fanavedrgennseuasy uay

surdunseuasilvaauiuugninauelumsed 4.5 wag JUN 4.7 - U7 4.8

M3 4.5 Awuusing gniimsinvesiiegimaaeun 1.1 uag 1.2 ndangnleume

NTLEDUNAFRDLLDITIAU

frauys fegnal.l F98191.2

gaunndl (d@uuy, dIunans, @wans) °Cl 38, 43, 40 45, 52, 31
AEaANTENASIAUFIUNIUT 21 KV

. . laididoya 1.184, -1.208
(ArwenRauIn/musnieay) 2
WeslHuUARINLANA1IANEDR +/- Lifitoya 1.99%
AN OANTEESIA AN UL IT UGB 18 kV 20.7 kv
nAszwasH7l 1 mA (ImA-reference voltage) 1.042, -1.062 0.995, -1.025
(Feanilauan/Asankeau) [mA] [mA]
Wasidudanuunnf1eagen +/- 1.92% 2.83%

PRI RTINS VU NI [ SV SNV NN TNt oSS A SR i

(o) 900mvidiv 1MQ 8y:500M KT/ oov Soms/div 10MSIs 10yt
o) tovidv MO ByS00M Hone Auto )| stopped
453acqs RLS0.0K
Auto January 01,2007 05:43:01

vi ! ! St Count_nfo
(©)Rus  [lasev  [teorzeez [ta7 ls6  [2owm  [s20 | |
(WPPk (2081 [z0ssss [posT  Jadsz [ssem  [#520 1.062 mA
Giomsx [0V [iodstesr_[rore |47 [sssem [ss20 : ;
(QuO)Min  [40sV [40610321 [1495  [1036  [9.28m  [4520
Cmax  foouv fooamesat [psss  pes  pamm k520
CGmin  [2esev_[aestozse [2613  [a6le st [esz0
Ce)pep [s2iov s [szts 5309 |samm [s20
() (b)

JUN 4.7 sUAdunszuasilvafieg19ail.l s usaiuil 1mA Tnguananssuasilvasiu (a) way

nszuasalranusiuniu (b) ndsingndeumenssuaduiaduiauinuim 2 a3



a8

1.184 mA

0.996 mA

FAE\ 8 I\

(a) (b)
JUN 4.8 JUATUNTELATIIIAAIINAIUNIUYDIFIRE1MAGIN 1.2 AMTURTIFUNLTIAUT 1mA

(a) wazusiud 21 kv (b) nasngnieumenssuaduiadtiaudiuig 5 Ase

4.2 NANTNARARNN 2

Tusunouisnuesmvaaesdl 2 Sududasnisdenszuadusiadiniideiosd auan
$1uau 5 A Witusegamageud 2.1 uay 2.2 lurnsdeafufedmaroudl 2.3 way 2.4 gn
Jousnonszuaduiadiheaiostany d1um 5 adutuiy sUsduusuaandeinnaseuty
Fnidsanaznszuaiaviianzgminsiausstuiindnazuanslunad 4.6 dilunsnsazuans

Wile9ieg19v0eFUAT LU NAT VI

=] A o & a s a o o = o 1 a
M990 4.6 EﬂﬂaULLﬁﬂWUF’NLW@@LLagﬂﬁzLLﬁ@asU'ﬁﬁ]VWﬁﬂqﬁUumﬂmaﬂﬁjaﬂqqmﬂaaU‘V] 2.1

89 2.4 nd9NnlesuNsrwadLNadmneIliaduIu 5 A%e (ASIN 1)

feghvagey. | AT JURAULTITUALEBLAENTTRARAYITT Uaziden
& [BoRNdb. _ Spsidi . CHIZS0 MSis 1+ ___1_________JChi Chi: Vo[‘tage
| R
ey Up = 66.897 kV
g Ch2: Current
FOUNVIAFOUN 1200] Ip = -10.459 kA
3
2.1 Ml e e e T1 = 8.426 us
' ] | ;s 1 | 1 1 i| Ch2
0] . N R R
|| T2 1806 s
0 I ey
-------- O TEnd = 22.08 ps
1500t 4:*_ S :_'_-}:ge_fwjb_a_%_:_} :;;:.IE__J _________________ b
[ ! ) ! T2TEnch ! ! q
0 o " 20 U 'm ")




A1519% 4.6(s0)

49

sURAULSSAUALTEBLAENSERARAYN TN ITUTINYRefMBE 1 mndoUN

2.1 D4 2.4 19Nl UNTELaDUNAFRDINaI9UIU 5 ASY (ASIN 1)

fheghampaey | Ased sUPAULSsuRIvABLATNSTUARANSY YavLdYn
W Tooiaddh, Ssrdive ] CHUZSAMSE 1 1 __jch Chi: Voltage
: : o : : ! L A
e Up = 67.194 kV
Ch2: Current
fgangauN : e | | 10443 KA
2.1 s A~ Syl -TEHEZ50 W -~ O T1 = 8.409 ps
1200 17t oot de
P e B || 2= 1807 s
o I g e : : : —
Lt : TEnd = 22.09 ps
G Tl Ty A T #97 \gTUU%’”Ij:E:J;L”:’A;‘ ””” b
o1 4 : TZTEndl ! ! 4
7 | o 20 B0 ]
. 60kt Syisidiy . CHUZEQ MBS &+ Chi Chi1: Vo[‘tage
1 AR PN 1) I &
7" ! Up = 66.937 kV
Ch2: Current
Frethanaaeui . A v ¥ f e Ip = -10.411 kA
3 il pe]
Do i {BRATd S TEHZ 250 MEs =1 8:12 T1 =8.434 us
JAREEED 1 1 A% A T2 = 18.05 s
0 ] : : : ; - : - ;
“ L ----- ----- ----- TEnd = 22.09 us
o OO_’_::_J:L_:_ ________ 1: Sa- TPWUU%___‘_:J:_E:_J:L___:_? _____ L _____
A\ BT T2TEﬂd\ i
0 "0 2e” 'ap " [ue]
& | ent Ch1: Voltage
ch2
¢ ' Up = 67.316 kV
" Ch2: Current
frogramadoud Q0 ' || Ip =-10.265 kA
5 A
2.2 || | T =8.394 ps
12.00 o
‘ A R T R R A T2 = 18.06 ps
N o i, S e s . B e e TEnd = 22.09 ps
12 007 ‘_?_‘_J:'__‘_T_' il 1: G0~ rp .IUU%__:{_J_-_I:_-_?“__:_“L _____ i,
i | ToTEndh
0 '10 20 E "[ug]
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sURAULSAUALEBLAENSERARAYN TN ITUTINTa B Ao U

2.1 D4 2.4 nA9NlASUNTERaADUNAFRDINaI9UIU 5 ASY (ASIN 1)

ABYNNIAdDU

o
[

A

=).

JUARULSIAUALTT DLAEN TEUARAYSA

18880

f20819NAADUT

23

v

7 oni
| th2

Trg

-120.07

"[ps]

[k2]

1 chi

-12.007

[s]

Ch1: Voltage
Up = -67.286 kV
Ch2: Current
lp = 10.123 kA
T1 = 8.339 us
T2 =1791 ps
TEnd = 21.95 ps

f70819AFBUT
2.3

k]

[ps]

1 Chi
| cnz

-12.007

; i Chl
- Ch2

(3]

Ch1: Voltage
Up = -67.911 kV
Ch2: Current
lp = 10.120 kA
T1 = 8.338 s
T2 =1791 ps
TEnd = 21.95 ps

f70819MAdRUN

24

IR

1 chi
| che

[1s]

-12.007

Ch1: Voltage
Up = -66.907 kV
Ch2: Current
lp = 10.059 kA
T1 = 8.404 ps
T2 = 18.04 ps
TEnd = 22.08 s
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M13197 4.6(s10)  sUAAULIIAUALVARLAENTELARAYTANTI NS TUTinvesfMagnaaeUT

2.1 D4 2.6 nA9NIASUNTERADUNAFADINEIIIUIU 5 ASY (ASIN 1)

7N
[

fMedmagey | ASH JUARUULIWUALVT DL N TELARAYISA UaTLIYn

[

S Ch1: Voltage
1 Up = -67.204 KV

Trg

-120.07 777

. ‘ ‘ Ch2: Current

5| e | p- 1004

ST I T1=8417 s
T2 =18.04 ps
TEnd = 22.10 s

f0819NAADUN

2.4

;
0 To o8 S E "[ps]

naaNNIzUIUNsUauNssiaduiaditsallaasadu wunlifianudsrenisusn
9NA33dey pamgiiluisazsiunlgnin auluiinszuaiiliannuimunuiusadiu 24 kv wae

W39AUEN98IN 1 mA saendusUndunszuaiuaninagnuuiinaniull danandlunisen 4.7 uae

'
=

UM 4.9 - U7 4.12

M990 4.7 AT gnvinTinvesiiegimedeun 2.1 - 2.4 nasangndeusie

NILEDUNAFNDLEDIIIUIU 5 ATY (ASAN 1)

g 1 naud 2
s e ==

F108 2.1 | 089 2.2 | fee 2.3 | feen 2.4
9ol (duuy, daunany, d1uane) | 56.0, 58.2, | 56.2, 56.6, | 54.3,55.5, | 54.5, 57.5,
°C] 46.0 47.5 47.0 49.0
AeannIERaTIARIUTLR 24 KV | 0.256 0.295 0.259 0.224,
(maamﬁquﬂ/ﬁwamﬁjﬂau) -0.307 mA | -0.354 mA | -0.259 mA | -0.237 mA
WosuAANLLANANIATEDA +/- 16.61% 16.67% 0% 5.49%
AEDANTELASIALF LT UTIUT I 0.795 0.770 1.034 1.070,
$9Banseuasil 1 mA -1.033mA | -1.007mA | -0.885 mA | -0.906 mA
(Freenilsuin/meeniiiau) [25.7kV] [25.7 kV] [25.9kV] [26kV]
WoSUARINULANANALDA +/- 23.04% 23.54% -16.84% | -18.10%
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0.256 mA
/ 0795mA "\~

TN

307 m 3 1.033mA

(a) (b)

JUN 4.9 JUAAUNIERasIIaANIRUNILYeIAI0E19MAa8N 2.1 dINTULTITUNLTIFIUN 1mA

Y

() wAzLIIFUN 24 kV (b) nasangndaumenseuaduiadtivand uiu 5 Ay

-0.354 mA -

(a) (b)
JUN 4.10 sUARUNTELATIIAANUATUNUYBIRIRE1MNARDIT 2.2 AMFULSIAUTILTIRUN 1mA

() wazkIUN 24 kV (b) dsangndeumenszuaduiadtivindiuiu 5 A

; : : ] 1.034 mA
0.259 mA \ P A
— \l/

-0.259 mA

-0.885 mA

(a) (b)
JUN 4.11 JUARUNTELATIIMAAMUATUINUYBIIRE1MNARDIT 2.3 dMFULSIAUNLTIUN 1mA

(a) waTUIIRUN 24 KV (b) masangnleumenseuaduiadiiaudiuiu 5 A
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1.070 mA

/o

-0.906 mA

(a) (b)
JUN 4.12 JUARUNTEMATIIMAANUATUININYRIRIRE1NARDIN 2.8 dMFULTIAUTLTIUN 1mA

() wABIIRUN 24 KV (b) wasanngnleumenssuaduiadtiaudiuiu 5 A

pdaniuiiogimaaauil 2.1 uag 2.2 gnifaudaenseuaduiadiinisenosuadu
mmgmm Fuduiniinsetuiudusoud 1 Suswau 5 ad fedimadeud 2.3 wag 2.4
andaudgnszuaduiadiiidei sssUeduinigiudaay iusiuau 5 aduduiu guadu
ussiunamdeiianasondudnidsanaynsyuanauisassgniinistanasduinauanslunnsiad
4.8

dewasadunsyuaunsteunsruasuiaditsireldeindsit 2 wdn msTadfauUseng
dlednsesinagniidu Iinaumnfluisagdumls nssuasalwaaudumufiusadiu 24 kv
Lazk3sRud19Ba7 1 mA InmsnsasaeanInaIeLenvastudnAav 4 i wuindansegly
anmund laiflsesunninnieseyssiiinsevuen Ysgneufusundunsifuaaundovesiiagis
naaoutiilifinisunnguessuaduiin Inenavesninaliauanns savnsvuanoeaTesnIzLa
Hlvarudumugnduiinlilumsedt 4.9 whoustsguaiunsswadalvaiivudinldgnuansily
SU 4.13 - U7 4.16

Y u
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M58 4.8 sUPRuLTIUALVERLaYNSEuARAUITINYIINMsTUInvaseg 1 madeUN 2.1

049 2.4 ¥a99NASUNTEWaEdUNAARNDLL99 1IN 5 ASI (ATIN 2)

fhegramaaey | Asad sUpBuuTIUAIMABLAE N TEUEREYISR eaziden
i G0k div. . Bpsidbe L CHU2SOMSIS 4o ol Lo A Ch1: Voltage
: Lo s B m d 0 End
| Up = 66.897 kV
g
S = 7 L N Ch2: Current
MDY NNATFIUN . g i W e b= g
2.1 "3 B e L i Et R B S R Ip = -10.459 kKA
R N NN | T = 8.426 s
b T2 = 18.06 s
-12.007 ~ P TEnd = 22.08 ps
T O T I]O T |20 \30 T \[”5]
" _GOKy{di.v__SuSIdLv_;._CHL‘EZSQM:&S__.;_____.;_____;. _____ LSy 8?; Ch]_ Voltage
x | Up = 67.357 kv
Pr
My o | % Ch2: Current
AIDYNNAFDUN T A o T
5 A1 |p =-10.431 kA
2.1 T SkAi'c?nf"S],[Sfdnf’i‘CH?’Z:%MS:fE : ' i ; | 8:12
&L Winniianesesi T1 =28.408 ps
RN W T2 = 18.06 s
N ;”T%”rijﬁg o+ 1| | TEnd = 22.09 us
% ,GOKVJ:'dLv,,Epsidw,;,,CHI‘}ZELQM:Sis,,i,,,,,é,,,,,% ,,,,, ,,,,, gp; Chi: Voltage
12007””% 77777 i i ' v H H H f
‘ Up = 67.562 kV
D RN FA\ ML Ch2: Current
AIBYNYIAADUY] 3 " 0 : i10 ' :20 ' :30 i i[us] lp =-10.430 kA
2.2 :k:lo:BWdr\rSusfdhrCH’zzﬁoMafs‘ ————— gp; T1 = 8.428 us
o T2 = 18.05 pis
-12.007 TEnd = 22.09 MS
0 1o 20 :30 : ;D—IS]
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sURAULSAUALEBLAENSERARAYN TN ITUTINTa B Ao U

2.1 D4 2.4 nA9NIASUNTERADUNAFRDINaIIIUIU 5 ASY (ASIN 2)

ABYNNIAdDU

o
[

A

=).

JUARULSIAUALTT DLAEN TEUARAYSA

8aLLIUN

f20819MAdDUN

2.2

[kv]

12007

480KV div. - 5

jpa/dive L CHL250 MBts . 4.

1| Chl
i| Ch2

g

-120.0]

"ps]

1 chi
| chz

e

17
| T2FEnd:
t

20

" Ins]

Ch1: Voltage
Up = 67.439 kV
Ch2: Current

Ip = -10.357 kA
T1 =8.403 ps
T2 = 18.06 us
TEnd = 22.08 s

f0819MAdDUN

2.3

1 chi

__jch2

"[ps]

Ch1: Voltage
Up =-67.993 kV
Ch2: Current
lp = 10.070 kA
T1 =8.328 ps
T2 =17.89 us
TEnd = 21.93 ps

f70819MAdDUT

23

Ch1: Voltage
Up = -66.907 kV
Ch2: Current
lp = 10.059 kA
T1 =8.404 ps
T2 = 18.04 us
TEnd = 22.08 ps

f20819NAADUT
2.4

_Jonz

Trg 4

~120.07

"[ps)

1 em

--if Ch2

Ch1: Voltage
Up =-67.204 kV
Ch2: Current
lp = 10.039 kA
T1 = 8.417 ps
T2 = 18.04 us
TEnd = 22.10 ps
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sURAULSAUALEBLAENSERARAYN TN ITUTINTa B Ao U

2.1 D4 2.4 nA9NIASUNTERADUNAFRDINaIIIUIU 5 ASY (ASIN 2)

o
[

A

=).

AIDYNNAADU

JUARULSIAUALTT DLAEN TEUARAYSA

8aLLD0

]

Trg

-120.07

f20819NAADUT i

1 chi
| chz2

sy

2.4

,,,,,,,,,,

sidiv (CHZ:250 M3/s

fffffffffffffffff I

-12.007

1ok
- ch2

Ch1: Voltage
Up = -67.286 kV
Ch2: Current
lp = 10.045 kA
T1 = 8.407 ps
T2 = 18.04 ps
TEnd = 22.10 ps

M13197 4.9 Allsang ngnvimsinvesiiegimageun 2.1 - 2.4 nasangniausig

NSTLEdUNadAaLLaI1UIU 5 A5 (ASIT 2)

Nl 1 N 2
faus it —_= "o . i

FID819 2.1 | MDY 2.2 | YN 2.3 | AU 2.4
gauunil (@uuy, daunang, damany) | 58.0,59.6, | 63.1,64.5, | 54.8,58.3, | 61.7, 60.3,
[°C] 43.9 523 50.0 45.2
AgoAnsERASINLFIWNUT 26 KV | 0.186,- | 0.192,- | 0304,- | 0.297, -
(Aeantlauin/Aeenilau) 0.243 [mA] | 0.251 [mA] | 0.31[mA] | 0.306 [mA]
WosudmuLAnANAIsen +/- 23.46% 23.51% 1.94% 2.94%
ANEOANTERASIAIUFIUN LTINS IS 0.748, 0.746, - 1.059, - 1.043, -
$r9Banseuasifi 1 mA 0.998 [mA] | 1.026 [mA] | 0.929 [mA] | 0.916 [mA]
(Feanilauan/Agentlau) [26 KV 26 kV] | [259kv] | [26.2 kV]
Wasifudanuuanf1eAgen +/- 25.05% 27.29% -13.99% | -13.86%
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1 : 0.748 mA
—— P /| X ; /T\

-0.243 mA

0.186 mA

\ -0.995mA

(a) (b)
JUN 4.13 JUARUNTEMATIIMAANUATUNINYRIRIRE1MNARDIN 2.1 dMFULSIAUTLTIUN 1mA

() wAEUIIRUN 24 KV (b) wasanngnleumenssuaduiadiiaudiuiu 5 A

T s /" 0.746 mA
0.192mA .\ .1 £ - / /]‘\
AP — N Ak WL S) ‘

-0.251 mA

-1.026 mA

(a) (b)
JUN 4.14 SUARUNTELETI IMARNUATUIINUYBIRIRE1MNARDIT 2.2 AMFULTIAUALTIIUN 1mA

(a) wazUIIRUN 24 KV (b) misangnUounignsviaduiadiiaudiuiu 5 A

1.059 mA

0.194 mA

. - 1

v

-0.244 mA

-0.929 mA

(a) (b)
JUN 4.15 JUARUNTELATI IMAAMUATUINUYBIIIRE1MNARDIT 2.3 dMFULSIAUNLTIUN 1mA

() waEUIIRUN 24 KV (b) vasangnleumenseuaduiadiiuind i 5 Ass
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1.043 mA

A\

0.184 mA

-0.231mA ] \V
Ceen R DA T

(a) (b)
JUN 4.16 JUATUNTEUATIIMAANUATUNINYRIRIRE1MARDIN2.4 EMTULIITUNLTIAUA TmA

() waEUIIRUN 24 kV(b) nasngnUeumenssuaduiadiiuiniiua 5 ase

Musegmaroul 2.1 uay 2.2 gnilousenszuaduiadiingUpiuansgiudaay
$1uau 5 At lursfentusognemaasufl 2.3 way 2.4 gnileudenssuaduiadiiingUuaiu
mmgm%’jamn $1uau 5 afuduiy uiazadwinsiulunat 60 s vausdidusnasaianms
favsandsnu surduussiunaundeiinnasouduiniddauarnssuanariaargninisinuay

Juiindn Fagnuandlunisiei 4.10

M19197 4.10  sUpRuLTIRUALRBLaYNTEUARAYISATIVITNTULTINYR IR Ao UN 2.1

049 2.4 ¥a9N IS UNTEWADNNAANDLLDII LI 5 ASI (ATIN 3)

fegNnAday | AT JUARUUIWUALVT DL NTELAREYS eRGHIGE]
- oy5:/ | Ch1: Voltage
o Up = -67.450 kV
g
. 120017 PN . B i S Ch2: Current
mrgaaqu‘mﬁa‘um 3 — i I o ‘ ;10 I ;20 ‘ ;30 I ;DJS] |p = 10.016 kA
21 e Blotidle Bpeidiy |CH2:250 MSis \ H
i s IR T1 = 8.406 ps
- T2 = 18.06 s
¥ TEnd = 22.12 us
—— el e R S
o 10 20 30 1us]
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M1319% 4.10(si0)  JUPAULTIRUALVRBUAZNTEUARAYISIIVIINTTUTINYB e 1anARR U

2.1 D4 2.6 19N IASUNTE AR UNAdALHaI9UIU 5 AT (ASIN 3)

Fregmagou | A3 gUﬂﬁuLmé’ummﬁaLLasﬂsgLLaaa%ﬁ% S18az8n
" ] o Ch1: Voltage
Up = -67.614 kV
o o Ch2: Current
HAIDYNVIAFBUN
5 Ip = 10.088 kA
2.1
T1 = 8.338 us
T2 =1791 ps
TEnd = 21.95 us
- & Ch1: Voltage
1 Up = -67.214 kV
o | = : =l £ | Ch2: Current
HAIDYNVIAFBUN 7Y LR W - )
3 2 - ¥ . — = Ip = 10.221 kA
2.2 casny 3 ‘A VA B | S
717379,,|p‘,m,a;, | T1 = 8.403 JS
T2 = 18.04 us
R = TEnd = 22.12 ps
" e :ﬁ[;f: L e Ch1: Voltage
jrg TN L9 \OL Up = -66.907 kV
W 4 WSTINN O o i) g Ch2: Current
DY NVIAFBUN (ES1L 1 o AT 4 i — ol
5 ) 4 Ip = 10.049 kA
2.2 G i P ?ﬂ?’fff%fi? ,,,,,,,,,,,,,,,,,,,,,,, & 1 - 8414
TN e, NG = 8. s
0 T p \\5\\" "
Loseofprsersrprammmros o LU NN T2 = 18.10 ps
ik i R o i el TEnd = 22.18 ps
el R T e s T S =l Chi: Voltage
Up = 70.297 kV
o I | , Ch2: Current
Y 1NAFBUTN ST N W S S S -
3 a lp =-10.021 kA
2.3 ] T &
¥ T1 = 8.405 ps
T2 =18.12 ps
e TEnd = 22.28 ys
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M1319% 4.10(si0)  JUPAULTIRUALVRBUAZNTEUARAYISITIVIINTTUTINvB e 1anAAR U

2.1 D4 2.6 19N IASUNTE AR UNAdALHaI9UIU 5 AT (ASIN 3)

-12.007

F98 NNAADY i gUﬂﬁuLLiqé’uﬂqmﬁauasmmaaami‘a PRI
= L Ch1: Voltage
| Up = 71.997 kV
o B & ‘ Ch2: Current
MDY NNAADUY) e e P T :
I b | p = -9.8711 kA
2.3 oo, T1 =8.417 ps
0 T2 =18.14 ps
L2 TEnd = 22.34 us
X R e E Ch1: Voltage
? | Up = 71.916 kV
- & Ch2: Current
AIDYWNAADUY) W VED VISR W 7 e B = — B i Ip = -9.8488 kA
24 M T1 = 8.412 us
! 12 =18.15 ps
2 TEnd = 22.32 us
o Ch1: Voltage
Up = 70.256 kV
o , i Ch2: Current
AIDYNVAABUN 1200] Ip = -10.027 kA
24 M T1 = 8.423 us
2. Q) T2 = 18.11 ps

TEnd = 22.27 ps

WatasaaunszurunsdounseuaduiadiinIaoos nseias lrannud unIuNLs sy

24 KV haghsInuan9den 1 mA maamugﬂﬂﬁuﬂimmﬁLLﬁmwagﬂﬁuﬁﬂmLﬁuﬁ FaAnIlun1T1
1 4.11 uaggu 4.17 - U 4.20
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M15197 4.11 AuUsang ignvinsinvessiiegimageunl 2.1 - 2.4 nasangniausig

ASELADUNAAADLTBITIUIU 5 A5 (ASIT 3)

Nl 1 nguf 2
faus — — — —

$I8N 2.1 | MDY 2.2 | I8N 2.3 | AIYN 2.4
Rauunl (duuy, daunang, dauany) | 55.6,59.2, | 56.1,56.7, | 55.1,57.2, | 54.2, 58.2,
°C] 46.3 47.4 473 48.5
AaANsELaTIALFIUINUA 24 KV | 0.303, - 0.275, - 0.312, - 0.243 -
(Aneantlauan/meentlsau) 0.368 [mA] | 0.328 [mA] | 0.369 [mA] | 0.288 [mA]
WasEudANULANATSAE DR +/- 17.66% 16.16% 15.45% 15.63%
ﬂlﬂ‘ﬂaﬁmigLLﬁ%ﬂﬂ’J’]ﬂJéﬁUVﬂUﬁLLiﬂfﬁu 0.984, - 0.901, - 0.929, - 0.971, -
Fradanseuasiii 1 mA 1.066 [mA] | 1.007 [mA] | 0.988 [mA] | 1.012 [mA]
(Feanilauan/Aaenieau) [25.7kV] [25.7 kV] [25.9kV] [26KkV]
WosldudANLLANA1IATE DA +/- 7.69% 10.53% 5.97% 4.05%

0.303 mA

0.984 mA

e

-0.368 mA

-1.066 mA

(a)

(b)

UM 4.17 sUnaunszlasilvanuiunuYesiied 1 maaeei 2.1 dmSulsaiuiisiuil 1mA

3
(

a) WazLSIAUN 24 kV (b) ndsangndeumenseuaduiadtiaudnuiu 5 ase
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0275mA

N\

\ \/

-0.328 mA

-1.007 mA

(a) (b)
JUN 4.18 JUARUNTEUATIIMAANUATUININYRIRIRE1MNARDIN 2.2 EMFULSIAUTLTIUN 1mA

() wAEUIIRUN 24 KV (b) wasanngnleumenssuaduiadiiaudiuiu 5 A

NIRRT BIIRN-N /
/ /

-0.988 mA

(a) (b)
JUN 4.19 sUARUNTELETIIARNUAUIMMUYBIRIRE1MNARDIT 2.3 dMFULTIAUALTIUN 1mA

(a) wazUIIRUN 24 KV (b) misangnUeumignsviaduiadiauindnuiu 5 Ass

0.971mA
0.243 mA gy, g : > ﬂ\ 1 S
T —— ' /T\ N — / T — L 4 T — /

-0.288 mA

-1.012mA

(a) (b)
JUN 4.20 JUARUNTELATIIMAAMUATUINUYBIIRE1MNARDIT 2.4 dMFULSIAUNLTIIUN 1mA

(a) wATUIIRUN 24 KV (b) viasangnleumenseiaduiadiiuindiuiu 5 Ass
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Tunaunslufedig1amaaaunl 2.1 uar 2.2 gndeusignseuaduiadisiguaiu
WNTFINLAU 11U 10 AT Tuvaifedtudtegmegeun 2.3 uay 2.4 gndeusiunseuady

WadihrgUARLLNATIuLAUAN F1UU 10 ASAAUAY Tagiivn 9 5 Asirasannseuiunisteu

s =

nszuaduiadariinsingurdunseuasilvanuiumuiisinudeya laed

® sUnduusWUAIUFRNANATENAUANIESIMALNTERARAYISIENYIINTTANAz TuTinen

vosmslaunszuaBuiadasen 4 gnuandlunisnen 4.11

® n5zuas I lvanuAIUNINTLIIAN 24 KV Uaskseiud19dean 1 mA nasnausunaiu

NITLANLANINAATIN 5 gnuanslunnsNg 4.12 uag3uil 4.21 - 3Uil 4.24

| LYY a

® sUaduusUALNFETINNATENAUANIESUALNTEUARAYISIENYIINTTTALATUTINAN

A ¥ 1
v a

YANISUDUNTLHEDUNAAATIN 5 gnuansbunisen 4.13

Y

® n5zuas I luanNuAIUNILTLTIAN 24 KV Uazuseingnedn 1 mA aaenausuniiu

'
a

nsvuanuanINanssf 5 gnuandunisnedl 4.14 uay JU 4.25 - U7 4.28

v
v & v

Na99INNsEUIUNSURUNSEULABUNAEASIN 5 ﬁ‘\]3Lﬁﬂﬂ?’iLﬁ%ﬁ]ﬁUﬂi%U?‘Hﬂ’]’iﬂ’]i‘ﬂﬂaEN

¥
o

1A82INNISNAABIILINITU DUNSLLABUNAFNINUAINUIUY 25 ASIANUNUANLESILAAaLA NG

AnwngAnssuvesauliaunnsueIns LA laAINA NI

M13197 4.12 sUpRuLsuALTARLaENIERARAT TN TUInaseg 1 madeUn 2.1

849 2.4 ¥39NlesUNSThadLNadreLassuIu 5 ASI (ASIN 4)

7]
v A

AREgImAaRY. | AN JURAULSITUALEBLAENITLARAYITT ERREILIL

Y Ch1: Voltage
| Up = -67.250 kV
1 Lo T Ch2: Current
3 w0 i R lp = 10.106 kA
S ik L N A - 8410 e
T2 = 19.05 ps
TEnd = 22.22 us

f28819NAADUN

2.1
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M19199 4.12(si8)  JUPAULTIRUALVRBUAZNTEUARAYISIIVIINTUUINYB e 1anAAR U

2.1 84 2.4 na99nlasuNsrwaduNadnolosdnuiu 5 Ase (ASIN 4)

fogrmagey | AS gUﬂﬁuLmé’ummﬁaLLazﬂszLLaﬁmﬁﬂ SNUaLLDYN
i | G SRl f].;ﬁ_: e Ch1: Voltage
i : ] : Up =-67.614 k\/
o o Ch2: Current
AAIDYNNAFDUN | —— 0 """"" m 20 """" 30 """" et
5 Ip = 10.068 kA
2.1 oo S
T1 = 8.358 s
T2 = 18.91 us
AR o 20 30 "[ns] TEnd = 2200 HS
g% Ch1: Voltage
£y Up = -67.114 kV
Trg o
o | = )= Ch2: Current
FIDYNINAFBUN s T v el T s )
) Al |p = 10.321 kA
22 Ve B0 2 78R Sf d AT Do IR -
T1 =8.213 pus
3 12 =18.14 ps
0 i 7o < :20 - :30 i " ps] TEnd =22.14 MbS
Ch1: Voltage
Up = -66.997 kV
o o Ch2: Current
PNIDYNNATDUN
5 lp = 10.129 kA
2.2
T1 =8.411 ps
T2 =19.23 us
e R e TEnd = 22.28 ps
Ch1: Voltage
Up = 66.856 kV
o o Ch2: Current
08 NNAABUY S = = T S
3 lp =-10.329 kA
23 T e ; ] i ] 8312
1 VOO NN ; T1 = 8.394 s
‘ | T2 = 19.05 pis
1200 T e T = fmﬁm&ﬂ?f TERd | ! ]
—t TEnd = 22.10 ps
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M19199 4.12(si8)  JUPAULTIRUALVRBUAZNTEUARAYISIIVIINTUUINYB e 1anAAR U

2.1 84 2.4 na99nlasuNsrwaduNadnolosdnuiu 5 Ase (ASIN 4)

fheghamaaey | Asedl sUPAULSsuRIvABLATNSTUARANSY TYaLLIYn
[kv] ,gow{dwﬁ5p51dw,§,,cm*izaaMists,,,;,,,,,,g,,,,,g, ,,,,, ,,,,, 8;12 Ch 1: Voltage
120.0 : i ; ; T i |
: Up = 67.019 kV
oo . Ch2: Current
FIDYWNAFDUN - o - o | 10300 kA
5 p = - .
2.3 ! e
; T1 =8.428 ps
i TN L LA T2 = 19.06 ps
el S PIEE T ea = 2212
0 10 20 30 (=]
Ch1: Voltage
Up = 67.194 kV
Y | 4 Ch2: Current
AIDYWNAFBUN
3 lp =-10.292 kA
2.4
T1 =8.410 ps
T2 = 19.06 us
" S TEnd = 22.10 us
T L ANl eof " 30 "]
4 1 Chi
o Ch1: Voltage
12007
Up = 67.275 kV
@F
o 4 Ta | : ‘ Ch2: Current
FIDYNNAFDUN R N A e W\
5 i i Ip =-10.301 kA
24 ’EkAidhfﬁ,tSde"CH?ZSGMSfS""” ————— : 8:;
E - T1 = 8.407 s
~ o PV OV o, T2 = 19.05 uis
12.007 *[,)*,5;,—599',?“?:;6‘7: Tz:ng,;%: ‘ ESO ‘ %[ug] TEhd =22.09 MS
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M15197 4.13 AuUsang ignvinsinvesiiegimageunl 2.1 - 2.4 nasangniausig

ASELADUNAFADLTBITIUIU 5 A5 (ASIT 4)

nauf 1 nauil 2
Frus — T — T

AIDYN 2.1 | MDY 2.2 | ANDYNN 2.3 | ARy 2.4
RNl (dauuy, daunang, dany) | 53.2,60.2, | 52.1,56.5, | 56.1,59.1, | 52.8, 59.1,
[°C] 46.1 48.4 47.1 48.5
AEannIERaSIAUAIUNIUT 24 KV 0.460, - 0.470, - 0.374, - 0.381, -
(Aneantlauan/Aeentlau) 0.498 [mA] | 0.502 [mA] | 0.435 [mA] | 0.425 [mA]
WasEudANULANASAEDR +/- 7.63% 6.37% 14.02% 10.35%
ANEOANSEIASIANNAIUNTUTNS Y | 1.018, - 1.083, - 0.954, - 0.959, -
Fradanseuasii 1 mA 1.042 [mA] | 1.097 [mAJ] | 1.058 [mA] | 1.025 [mA]
(Fgenilauan/Aeeniay) [25.7kV] [25.7 kV] [25.9kV] [26KkV]
WoSIHUAANLULANAIIANEER +/- 2.30% 1.28% 9.83% 6.44%

0.460 mA

1.018mA

N

/ AR

-0.498 mA

-1.042 mA

(a)

(b)

JUN 4.21 UAaUNTELaTIYaAINAIUNILYRIRI0EN AR 2.1 dmSULSITUTLSIAUN 1mA

3
(

a) WAZLSIAUN 24 kV (b) vdsngndeumenseuaduiadtiaudnuig 5 ase
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o 1.083 mA
0.470 mA

R -1.097 mA

(a) (b)
UM 4.22 5UARUNTELaTIMaANAUNILYRIIRENMARENN 2.2 A MTULSITUTLSIAUN 1mA

() uazWIWIUN 24 kV (b) nasngniaumenszuaduiadtiaaudnuiu 5 Ay

0.954 mA

-0.435 mA F
-1.058 mA

(a) (b)

3UN 4.23 5UAUNTELATIIEANAUNIUYRIIDEIWAREIN 2.3 dSULIIAUTLSIAUN 1mA

() waEUIIRUN 24 KV (b) masangnUeumenseuaduiadiiuandiuau 5 Ass

0.381 mA 0.959 mA

-0.425 mA -1.025 mA

(a) (b)
JUN 4.24 JUARUNTELATIIMAAMUATUINUYRIIRE1MNARDIT 2.4 dMFULSIAUTLTIIUN 1mA

() waTUIIRUN 24 kV (b) masangnleumenseuaduiadiiuind v 5 Ass
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M58 4.14  sUPRuLTIUALVERLaYNSERARATITANYIINMSTUInvaseg 1 mndeUN 2.1

24 2.4 asnlasunseladuNadnatiioddnuiIu 5 A9 (ATIN 5)

fhegremaaey | A3 sUpAuUsIUAIMABLAENTEUAREYISR Uazden
i Ch1: Voltage
4 Up = -67.443 kV
o 4 re Ch2: Current
FIDYNNAFBUN
3 23] |p = 10.114 kA
2.1
T1 = 8.350 ps
i T2 = 18.95 s
-12.007
TEnd = 22.31 ps
[v]
EE Ch1: Voltage
Y | Up =-67.614 kV
Trg
Y ; 3 R Ch2: Current
FIBYNNAFBUN Y L 7 e . Yy
5 = : —— . Ip = 10.056 kA
2.1 XY X TN £ 1287C 701 e
1A T1 = 8.258 s
N T2 = 19.51 ps
N REBEIRD w[ ] TEnd = 22.10 us
a 10 20 30 s
N | & Ch1: Voltage
MY Up = -67.214 kV
o 5 e Ch2: Current
FIBYNAFBUN i A T SR
3 = Ip = 10.121 kA
22 Tl N Nggovss— 1 L gV 1
} Vo T1=8.112 ps
T2 =19.24 ps

o T 20 " S "lus]

TEnd = 23.12 ps
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M13197 4.13(sl0)  JUPAULTIRUALVRBUAZNTEUARAYISIIVIINTTUTINYB iR 1anARR U

2.1 D4 2.6 nA9N IS UNTELadUNAdALHaI9UIU 5 AT (ASIN 5)

fhegramaaey | Ased sUPAULSsuRVABLAT NS LARANSY YazLdYn
il ﬁ??ﬁk?f?f“?ﬁ’?ff‘ﬁ?ﬁ“ﬁ‘f?ﬁ????f?ﬁﬁjﬁffr;,i:’ﬁﬁfﬁ‘:f? & Ch1: Voltage
] Up = -66.987 kV
o o il 1 Ch2: Current
FIDYNNAFBUN i S S e St s s i
5 [2] s |p = 10229 kA
22 76KAfdlw Sifdiv - [CH2:250 MSis 1 ] ! L chl
‘ ' T1 = 8.401 ps
i T2 = 18.73 s
1 e B b TEnd = 22.28 us
K 1 Ch1: Voltage
| Up = 67.101 kV
o o V% j AL Sl : Ch2: Current
AIDYWNNAARUN 12001 ... =2 30 R A A M 2o, P
3 AT - . = - o Ip =-10.307 kA
23 TERAAdR - Spefdiv - FEH2 250 MEfg - -4 e el ! gp;
(e : AUERS i T1 =8.403 us
N R T2 = 18.06 ps
P AN Lt i e S0 G TEnd = 22.12 ps
S L MiTea 2 2% " ]
3 _60&v{dw..5us[dw_g,_CHL'EZEQMESE. <l Chl: Voltage
‘ Up = 67.316 kV
P
Y | a ) b : , i g ! i Ch2: Current
DY NVARBUN Azpl L e P SAET Y L
5 L 0 10 20 30 [ks] |p — ‘10287 kA
23 "Bk#ddIW’SpSde’?GHE'ZISGMafS ' ' : ! 2212
29 ; N s - T1 = 8.407 JSs
& _J NP YA M r T2 = 18.03 s
"”O;:'_'Jfk':;%_ :'_"'Téggrrfmﬁ'%}zirg;wl ‘s [ ] TEnd = 22.10 ps
o 10 20 30 HS.
[v] ,eoky{d'w,juﬁfdw,;,,CHlE,ZSOMESis,,,%, ,., gp; Chl: Voltage
| Up = 67.357 kV
Y I ; R W B e Ch2: Current
AIDYWNAFADUN i e e e e g
3 — Ip = -10.273 kA
24 ] R
s P i T1 =8.416 ps
,,,,,,,,, T2 = 18.06 ps
””” N = i TEnd = 22.08 s
0 10 20 30 pe]
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M13197 4.13(sl0)  JUPAULTIRUALVRBUAZNTEUARAYISIIVIINTTUTINYB iR 1anARR U

2.1 D4 2.6 nA9N IS UNTELadUNAdALHaI9UIU 5 AT (ASIN 5)

7N
v

ARYNVAADY | ASIN

JUARULSIAUALTT DLAEN TEUARAYSA

8aLLD0

[kv]

460kMdie . 5

120.9Trmrmdzs

9rg

-120.0

f20819NAADUT

i Chl
i Ch2

24

1200

-12.007

SELE e
' 1 LT

o t T

i
7 gl Ev—

Jonz

Cchl

lbs]

Ch1: Voltage
Up = 67.521 kV
5 Ch2: Current
i Ip =-10.273 kA
T1 =8.415 ps
T2 = 18.05 ps
TEnd = 22.10 ps

M19190 4.15 AuUsing AgnviinTinveiieg megeunt 2.1 - 2.4 nasatngndausie

NITLEDUNAERBLTBITIUIU 5 A5 (ASIA 5)

AT 1 naud 2
s — Sy - T

FIDENN 2.1 | MIBYIN 2.2 | I8N 2.3 | YN 2.4
gaunnl (duuy, daunany, dauany) | 68.5, 68.0, | 60.1,63.3, | 52.0,54.6, | 62.0, 62.3,
°C] 52.6 55.6 46.5 54
ANEANTERASIAIUAIUNINT 24 KV | 0572,- | 0.525,- | 0.483, - 0.447,
(Aeantlauan/meenisau) 0.580 [mAJ] | 0.563 [mA] | 0.551 [mA] | 0.525 [mA]
Wesifuspnuunnansateen +/- 1.38% 6.75% 12.30% 14.86%
ANEOANTEUWASIANLAIUNIUTNSINY | 1.051, - 1.00, - 0.906, - 0.938, -
Fadenszuasafi 1 mA 1.038 [mA] | 1.015 [mA] | 1.00 [mA] | 1.039 [mA]
(Feantlauan/Ageniau) [25.7kV] [25.7 kV] [25.9kV] [26kV]
wWesidudanuuanf1eAgen +/- -1.25% 1.48% 9.40% 9.72%
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0.572 mA 1.051 mA .

-0.580 mA
-1.038 mA

(a) (b)
UM 4.25 5UAUNTELaTIMaAINAUNILYRI0EN AR 2.1 A MSULSITUTLSIAUN 1mA

() uazWIWIUN 24 kV (b) nasngniaumenszuaduiadtiaaudnuiu 5 A9

0.525 mA 1.000 mA

-0.563 mA -1.015 mA

(a) (b)

JUN 4.26 SUAUNTELATIVEANAUNIUYRIIDEIMNARDIN 2.2 ASULIITUTLSIAUN 1mA

() waEUIIRUN 24 KV (b) vasangnUeumenseuaduiadinauduiu 5 A

0.521 mA

0.906 mA

N

-0.999 mA

-0.594 mA

(a) (b)
JUN 4.27 JUARUNTELATI IMAAMUATUINUYBIIIRE1MNARDIT 2.3 dMFULSIAUNLTIIUN 1mA

() waTUIIRUN 24 kV (b) masangnleumenseuaduiadiiuind v 5 Ass
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..0.447mA N\ 1.

(a)

(b)

UM 4.28 sUAUNTTLaTIMAAUAUNIUYRIIREN WA 2.4 FMTULSITUTLSIAUN 1mA

() uAzWIWIUN 24 kV (b) nasngntaumenszuaduiadiauIindiuiu 5 Ay
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Study of Asymmetrical Leakage Currents of Metal
Oxide Surge Arrester due to Multiple Current
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Abstract — This paper presents the study of asymmetrical leakage
current of metal oxide surge arrester (SA) after being tested with
multiple current impulses. The study is made using 2 SAs
specimens of 21 kV rated veltage, 5 kA nominal discharge
current. The experiment is divided into 4 steps; 10 shots of
positive  discharge current impulses, reference voltage
measurement, 5 shots of negative discharge current impulses and
reference voltage measurement. Initial conditions of the SAs are
assessed prior to the testing: temperature measurement, 1 mA
reference voltage and resistive leakage current at rated voltage.
Then, both specimens are applied current lightning impulses at
200% of rated discharge current (10 kA) and the temperature is
measured after. The lightning current impulse is 8/20 ps
waveform and the duration between each impulse is 10s. Prior to
the application of multiple current impulses, the difference of
resistive current peak amplitude of specimen 1 and 2 were 3%
and 0.95% respectively. Following positive current lightning
impulses, the value changed to be 71.245% and 72.75%
respectively. The specimens were then left to cool down in the
room temperature for 1 day. After application of negative
current lighting impulses, difference of resistive leakage current
of specimen 2 changed to be 1.99%, and specimen 1 broke down
after 2 impulses. Asymmeirical leakage current phenomena
caused by the impulse cuwrrent may negatively affect the
breakdown characteristic of the SA which should be relevamt
with the collected charge inside the SA material, however, the
opposite polarity of the applied impulse currents may eliminate
such problem.

Keywords: surge arrester, asymmetrical resistive lenkage current,
maultiple impulses, metal oxide surge arrester

L INTRODUCTION

Nowadays, surge arresters are widely used in an electrical
power system to protect high voltage equipment against
surges or transient overvoltages. There are usually two types
of surge arresters. The first type 1s a surge arrester with spark
gaps as components in the arrester. The other type 1s a surge
arrester without spark gaps. In this research, the surge arrester
without spark gaps is under investigation. Normally, the surge
arrester without spark gaps i1s composed of the nonlinear
resistance material which 1s a metal oxide element. The
discovery of zinc oxide (ZnQ) which is a type of the metal
oxide leads to a development in ZnO as a component in a
surge arrester. The metal oxide consists of granules of zinc
oxide with a small amount of other carefully selected metal
oxide additives to improve the V-I non-linearity [1]. The
metal oxide surge arrester conducts the impulse current due to
a transient overvoltage to the ground. However, during a
normal power frequency voltage operation, there 1s, always, a
leakage current flowing through the metal oxide surge

arrester. The leakage cument 1s an important charactenistic of
the metal oxide surge amester. The leakage current contains
two components which are the resistive current component
and the capacitive current component. The leakage current has
been emploved as an indicator for degradation of a surge
arrester [2,3]. The degradation monitor techmiques use
harmonic analysis of the total leakage current to obtain the
third harmonic of the resistive current [2.3].

According to IEC 60099-4, a surge arrester has to be
tested i many aspects [4]. A residual veltage test 1s required.
In such a test, a lightming mmpulse current of 8/20 us 1s applied
to the surge arrester, and the voltage at the terminals durning
current discharge 1s recorded. Dunng the test, the surge
arrester may be applied by the impulse current in multiple
times._ In practice, when a surge arrester is installed in a power
system, there are opportunities which the surge arrester must
absorb mmultiple impulse currents through the operating
conditions. L. Bok-Hee and K. Sung-Man did expeniments mn
applying multiple impulse veoltages and multiple impulse
current to surge amesters [5]. It has been noticed that the
waveforms of resistive leakage currents flowing through the
metal oxide surge arrester degradation due to the multiple
impulse currents have asymmetrical in a peak amplitnde
between a positive peak and a negative peak [5]. It has been
suggested that the degradation of metal oxide (ZnO) has an
asymmetncal leakage current, and the bipolar impulse shape
should be considered in evaluating the surge arrester
detenioration [5,6].

This paper presents studies of an asymmetrical resistive
leakage cument of metal oxide surge amesters after being
applied by multiple impulse currents as a commissioning test.
Effects on an asymmetrical peak in the leakage current from
both positive 1mpulse currents and negative impulse currents
are investigated. The residual voltage measurement is
performed under the standard recommendation with multiple
impulse currents in both polanties. To separate between the
resistive leakage current component and the capacitive
leakage current component, the reference voltage
measurement 15 employed. Using mathematical function
available 1n the oscilloscope, the resistive current component
of the metal oxide surge amester can be determuned. The
asymmetrical characteristics in the resistive leakage current,
then, are discussed. During experiments, temperatures at
various location along a surge amester are monitored to
prevent the thermal runaway of the surge arrester.
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II. METHODOLOGY

A Residual voltage measurement

The purpose of the residual voltage measurement is to
obtain the maximum voltage across the terminals of a surge
arrester for a specified curmrent waveshape [4]. The test
procedures are to mject lightning current impulse to the surge
arrester as shown i Fig 1.
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Figure 1. Residual voltage measurement circumit:
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Where: Cs is series capacitor
SG 1s spark gap | 4
Cp 15 parallel capacitor I.-_ rralsgaeatziior
Ls 1s series mductor
R.h is shunt resistor
VD 1s RC voltage divider
osc 15 oscilloscope
Run 15 matching impedance
MOA 15 metal oxide surge arrester

B. Reference voltage measurement

The aim of the test i5 to measure the resistive leakage
current. The reference voltage 1s defined as the RMS value of
the power-frequency voltage being applied to the arrester in
order to obtain the 1mA reference current [4]. The method 1s
similar to resistive leakage current measurement, the different
is that the resistive leakage current measurement is measured
at rated voltage of SA. Therefore, the two values are obtamned
from the same test circuit. The test circuit is as shown m
Fig. 2.

In order to extract the resistive leakage current, the
standard [7] introduces a few methods such as the third
harmonic measurement or the power loss measurement using
a voltage signal as a reference. In this research. the capacitive
compensation method was used. This 1s the purple dashed line
block as shown in Fig. 5. The balanced bridge connection is
used for adjusting an amplitude of the capacitive current. The
resistive leakage current of the surge arrester 1s achieved by

subtracting the capacitive cument component using
mathematical function available on the oscalloscope.
RO T vo ok moa
P

Figure 2. Eeference voltage measurement circuit.

Where: TX is transformer
RD 1s water resistor
VD 1s voliage divider
V 1s voltmeter

osc 15 oscilloscope
Ck 1s coupling capacitor
MOA 1s metal oxide surge arrester

C. Temperature measurement

Temperature measurement was performed on surge
arrester under mmvestigation. Temperature values at three
locations along the surface of the surge arrester were collected
using infrared thermometers. These temperature values were
used to observe whether there was a thermal mnaway effect of
the surge arrester during the experiments. The temperature
measurement locations were at the top. the middle and the
bottom of the surge arrester as shown i Fig_ 3.

D Test specimens

The series of experiments were carnied out on commercial
distnibution class metal oxide surge arresters. The
specifications and electrical properties of the specimens are
tabulated in Table L.

TABLET MECHAWICAL AWD ELECTRICAL SPECIFICATIONS OF SURGE

ARRESTER SPECIMEMS
Parameters Value
Rated voltage 21 kV
Maximum contimuous voltage 1I7TEV
Rated discharge current SEkA
Eesidual voliage TOEV
Toial creepage distance 620 mm

Figure 3. Temperature measurement’s positions.
III.  EXPERIMENT

The first experiment was carmed out using the voltage
reference measurement circuit to obtain the resistive leakage
current component of surge amester samples. An
asymmetrical charactenistic i the leakage curent 1s
calculated by the difference percentage between a positive
peak and a negative peak of the leakage current Resulis are
shown in Table I1. as well as in Fig. 4-5.

TABLEII ELECTRICAL PROPERTIES OF SA BEFORE APPLYING IMPULSES

Parameters Sample 1 Sample 2
o rminmate el | siyma s | ssmn
Besistive leakage current @ 21 kV
[positiveliesstios pieak][ Al 1844 -213.6 22472502
+/- Dafference percentage [a] 13.67 10.19
ImA reference voltage 33.13kV 3285kV
[positive/nesative peak] 1075 mA 1119 mA | 0945 mA, 0554 mA
+i/- Dufference percentage [%:] 120 0.94
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Y
Figure 4. Leakage curent at 21 kW voltage (a) and at reference voltage
(b) of sample 1.

Figure 5. Resistive leakage current at 21 kW voltage (a) and at reference
voltage(b) of sample 2.

The second expenment was carried out using the residual
voltage measurement circuit. The samples were applied by
8/20 ps positrve impulse currents 10 times. After injecting one
impulse current waveshape, the sample was left for 10 s before
applying the following impulse current. An example of a
residual voltage 1s shown i Fig. 6.
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Figure §. Residual voltage of samplel (a) and sample 2 (b).

The third experiment was to measure the resistive leakage
current component of surge arrester samples using the voltage
reference measurement circuit. This is to observe the change n
the resistive leakage current of the sample after being stressed
by positive impulse currents. Results are shown in Table IIT. as
well as in Fig. 7- 8.

After bemg stressed by positive impulse cumrents, the surge
arrester sample was left for one day at the ambient temperature
for heat dissipation from the sample. The fourth experiment
was performed to observe the resistive leakage current. It was
found that the asymmetrical charactenistics i the resistive
leakage curmrent remamed. Results are shown m Table IV.

TABLEIIL ELECTRICAL PROPERTIES OF SA AFTER BEING STRESSED BY

10-POSITIVE IMPULSE CURRENTS

Parameters Sample 1 Sample 2
Fﬁmm’]”m‘m"* bottom] | 4g 1114757 | 663 900,459
Resistive leakape current @21 kV

ERsiaAL mA] 0.671, -2.337 0.713,-2.618
+/- Different percentage [%] 71.23 7273
ImA reference voltage 27743 KV 2875 kV
IEosiﬁ‘wEﬁve ml_;;] 0430mA -1.019 ma 04T ma 1147 ma
+/- Different percentage [%4] 57.80 60.94

®)
Figure 7. Resistive leakage current at 21 k'V voltage (a) and at reference
voltage(b) of sample 1 (after multiple positive impulses currents injection).

Figure 8. 'Resistive leakage current at 21 kW voltage (2) and at 1 mA
reference voltage (b) of sample 2 after muitiple positive impulses
application.

TABLE IV. EIECTRICAL PROPERTIES OF SA AFTER BEING STRESSED BY
POSITIVE DMPULSE CURRENTS AND BEING LEFT TO COOL DOWN FOR. ONE DAY

Parameters Sample 1 Sample 2
el ) cppuinybononl | 6. 39ff oo | 318314313
Besistive leakage current (@21 kV
[ookit e mteitipe peak] [iA] 0361, -0.867 0444, 1430
%/~ Different percentage %] 5834 69.15
ImA reference voltage 211KV 21.0kV
[positive/negative peak] s A3 0394 ma, -L04mA
+/- Different percentage [%s] 6433 6212

The fifth expeniment was camied out using the residual
voltage measurement circuit. The samples were applied by
8/20 ps negative impulse currents 5 times. After mjecting one
mmpulse current waveshape, the two samples were lefi for 10 s
before applying the following impulse current. An example of
a residual voltage 1s shown in Fig. 9.

[;
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®)
Figure 9. Pesidual voltage of samplel (a) and sample 2 (b).

The sixth experiment was to measure the resistive leakage
current component of surge arrester samples using the voltage
reference measurement circuit. This is to observe the change
in the resistive leakage current of the sample after beng

stressed by negative impulse currents. Results are shown in
Table V. as well as in Fig_10.

TABLEV. ELECTRICAL PROPERTIED OF SA AFTERATPLYING TATN OF

NEGATIVE IMPULSE

Parameters Sample 1 Sample 2
E;e(;paammﬂnp,middle, bottom] 38,43, 40 455231
Resistive leakage current @21 kV P
it e et o] NA 1.184,-1.208
+/- Different percentage [%] N/A 1.99
ImA reference voltage 13 kV 207V
[positive/negative peak] 1MImA 102 mA | 0995 mA -1025 mA
+/- Different percentage [¥:] 102, 183

ta}
Figure 10. Leakage current at 21kV of sample 1(a) and sample 2 (b (after
negative impulse currents injection).

Durnmng the fifth experiment, sample 1 exploded after
applying 2-negative impulses shown 1n Fig. 11 The leakage
current at 21kV could not be measured as partial discharge
appeared at 18 .54 kV and will harm the measunng umit.

Figure 11. Break down location of sample 1 after applying 2-negative

cuirent impulses mjection.

From experimental results, 1t 1s found that the waveforms
of the resistive leakage currents flowing through the surge
arrester sample are independent of the polarity of the power
frequency applied voltage. A positive peak and a negative
peak of the leakage cumrents are almost symmetrical

However, after applying multiple positive impulses to the
samples, it is shown that the resistive leakage current
waveforms become asymmetry. The negative peak of the
resistive leakage current has a higher amplitude than a positive
peak. After being left for one day in order to get heat
disstpation, it 15 noticed that both surge arrester samples still
have asymmetry. When applying multiple negative impulse
currents to the surge arrester sample, it 15 noted that the
asymmetrical characteristics of the resistive leakage currents
disappear. Sample 1 exploded during negative impulses
application. The temperatures after the explosion were still
low. This confirms that, duning experiments, there are no
thermal runaway effects on the surge arrester sample.

IV. CONCLUSION

Metal oxide surge arrester leakage cumrent has been
discussed. There are two components of the leakage current
which are resistive and capacitive component. In this paper,
the resistive leakage current has been measured. Effects of
multiple impulse currents injected to metal surge arrester
samples have been concerned. Tt has been found that the
asymmetry has appeared in the resistive leakage curmrent due
to the effects of the multiple impulse currents. The asymmetry
has resnlted i unequal amplitude of the positive peak and the
negative peak. It has been shown that when multiple impulse
currents in opposite polarity are mnjected to the surge arresters,
the asymmetry has decreased. and the resistive leakage cumrent
has returned to the symmetry in the positive and negative peak
amplitudes. The asymmetnical charactenstic should be taken
into account 1 a surge arrester monitoring process.

A hypothesis can be formulated that the asymmetrical
behavier 1s televant with collected charges nside the surge
arrester matenial  The charges are subtracted when applied
with opposite polarity impulse and the leakage current became
symmetry. Moreover, the number of impulses applied affect
to the asymmeitrical behavior which the 5 times of negative

impulses can change the waveform to symmetry.
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Abstrac—Condition based monitoring of surge arresters
(SA) has become a primary concern to ensure power supply
quality on medium and high voltage networks. Understanding
of SA behavior helps forecast their failure. This paper presents
the analvsis of dielectric response and conductivity of Metal
Oxide Varistor (MOV) under degradation factors (normal
ageing, impulse ageing and moisture ageing) using Polarization
and Depolarization technigues. Normal ageing is represented by
stressing the MOV with 115°C temperature. For impulse ageing,
20, 40 .60 and 100 shots of positive and negative polarity of
standard lightning impulses current were applied. Moisture
ageing was performed by soaking MOV under 115°C
temperature for 12 hours representing wet condition and the
soaked blocks were left at room temperature for 24 hours
representing dryv condition. Poelarization and Depolarization
Current (PDC) was measured after each ageing step. Resistivity,
conductivity and pelarization index were interpreted for
insulation diagnosis. The experiments were taken on the MOV
with rated voltage 3 kV and SkA-nominal discharge. The
importance of nondestructive electrical diagnostics based on
polarization methods is validated by test results and is
highlighted in detail in this paper. Finally, the results of different
ageing factors were compared and discussed.

Keywaords—netal  oxide surge degradation,
pelarization and depolarization current, insulation diagnosis

3

Metal Oxide Surge Arrester 1s an important equipment for
clectrical systems, which limits the overvoltage (whether
lightning or transient over voltage) in the system to prevent
damage to clectrical equipment. To ensure the stability and
reliability of the electrical power distribution, the metal oxide
surge arrester is still necessary in the electrical system. Today,
metal oxide surge arresters are widely used for different
purposes, such as protection of important equipment
(transformers, riser poles or transmission lines) or overvoltage
protection.

arresier,

INTRODUCTION

Normally. metal oxide surge arresters can be damaged any
time, from overvoltages that exceed their own limits, ferro-
resonance, partial discharge, lightning currents which greater
than energy capability or moisture ingress. Such factors are
presented in the paper “Surge Arrester Faults and Their Causes
at EThekwini Electricity™ [1].

In order to reduce the damage of metal oxide surge arrester
and increase reliability of electrical systems, monitoring of
surge arrester conditions is necessary. Not only can the surge
arrester monitoring provide the present conditions, but it may
also predict the life expectancy of surge arresters. Moreover,
prompt maintenance can ensure that the electrical system is
consistently protected. The metal oxide surge arresters mainly
consist of metal oxide blocks, insulation housing and

078-1-7281-5931-7/20/$31.00 ©2020 IEEE
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clectrodes as shown in Fig. 1. The block behavior is nonlinear
resistance. In other words. at the operating voltage, the block
will not conduct the current, but when overvoltage occurs in
the system, the block will start discharging the current and
leading that current to ground.

Terminal inside the
universal animal
guard{optional)

Non-linear resistor
Porcelain housing

Electrode

Terminal ground

Fig 1.

Metal Oxide surge arrester structure.

Currently, surge arrester monitoring has been studied
extensively, including leakage current measurement. energy
capability monitoring or surge counter monitoring. In this
research, the study is based on dielectric response analysis of
surge arresters with Polarization and Depolarization Current
(PDC) measurement [2-3]. Ageing factors will influence the
changing of material properties which lead to the changing of
material conductivity and resistivity. as well as its polarization
and depolarization current behavior.

Based on the current measurement, analysis of surge
arrester conductivity, resistivity and dielectric response was
done. The tested metal oxide blocks were degraded by positive
lightning currents, negative lightning currents and moisture.
The analysis between normal, moisture and impulse current
degradation are compared and being presented in this paper.

II. EXPERIMENTS

A. PDC Measurement

In this paper, the PDC measurement was performed by
using a commercial IMOD PDC analyzer. For PDC
measurement, a step DC voltage of magnitude 100V will be
applied to test object for 1100s. Firstly, the switch S is turned
on, the polarization (so called “charging current™) passing
though the test object is then measwred. After polarization
process was completed, the switch Sz is turned on and the
depolarization current (so called “discharging current™) with
the same magnitude in the opposite direction is measured. The
depolarization current continuously decreases until the steady
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state or completed depolarization process. The PDC circuit
arrangement and PDC property are illustrated in Fig. 2.

Us

3
\w

-

-QT_D P il I

3 >

Period of ,.-’ laea
polarization

(2) PDC circuit (0) PDC curents

Fig 2. Principle of polarization and depolanization current measurements.

PDC measurements consist of 3 steps to perform better

useful data as follows:

e TInitial measurement: This step will measure the
remaining charge (in terms of remaining current) in the
test object until low cnough to start the testing. The
initial measurement also gives the initial condition of
the test object.

e Control measurement: A short period (e.g.. 5 s) of
energizing time is done. The aim of this step is to verify
the promipt circuit arrangement and the current
magnitude. Then, the depolarization current is
measured until the remaining current level.

e Main measurement: After the test cirewit was verified
and the remaining current level was confinmed, the
main measurement will then be performed.

B. Test Specimens

The commercial metal oxide block was tested. The
specifications of the block are shown in Table 1.

TABLEL METAL OXIDE BLOCK SPECIFICATIONS
Parameter Value
Rated voltage 3kV
Maxinmum continuous voltage 255KV
Rated discharge current S5kA
Reference voltage at ImA (DC), Uref (kVpeak) 44438

The electrical parameters of new blocks are shown in
Table 2.

TABLEIL PDC MEASUREMENT OF NEW METAL OXIDE BLOCKS
Parameters
Numbex Pgt.) sis(aucer{i!l]m[. Capacitance PI
1 6.00E+10 | 6.14E+10 1.63E-09 1.13
2 6.13E+10 | 6.06E+12 1.72E-09 117
3 6.50E+10 | 6.42E+10 1.84E-09 115

C. Test Procedures

Three conditions of metal oxide blocks were sinmlated as
described below.

e  Normal ageing condition.

The IEC 6099-4. Amnex K, recommended the accelerated
ageing tested under Arrhenius law given a specific time of

111

115°C heating temperature [4]. The accelerated ageing rate is
approximately given by (1).

AT.
AFy = 2550 (1)

Where AT is the different temperature between ambient
temperature and heated temperature.

Moreover, the extrapolated ageing time obtained from
Arrhenius law has been studied and published in [5]. The
extrapolated ageing time is obtained from (2).

t = trest X AF’I" (2)

eq
Where te is the extrapolated ageing time expressed in hours,
trest 15 testing time during the accelerated ageing test.

Three blocks were stressed with a 115°C heating
temperature in the oven for 6, 12, 18, 24 and 36 hours as shown
in Fig. 3. The PDC measurcments were performed and
recorded after each heating process.

Fig. 3. Metal oxide blocks were heated in the oven.

e Impulse ageing condition.

The six metal oxide blocks were divided in to 2 groups
i.e. positive lightning current impulse application and
negative lightming impulse application. The test circuit is
presented in Fig. 4. The lightning impulse current was
measured and recorded by using oscilloscope via Rogowski
coil.

Fig. 4. Impulse current application test circuit (a) and the test object (b).

The first group’s experiment was carried out using 20, 40,
60 and 100 shots of 5-kA positive lightning current impulse
application. The second group’s experiment was carried out
using 20, 40, 60 and 100 shots of 5-kA negative lightning
current impulse application. The PDC measurement were
performed after each impulse application.
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e Moisture ageing conditions.

The moisture ageing process was carried out by soaking
the metal oxide blocks in the water under 115°C temperature
for 12 hours in wet condition, and then the blocks were left at
room temperature for 24 hours to represent natural dry
cooling. The PDC measurement was performed after each
soaking process.

IIT. TEST RESULTS

The measured polarization and depolarization currents
were plotted 1n a log-log scale by applying a direct voltage of
100V for 1100s. The PDC test results are tabulated in Tables
3-6 according to the ageing condition. The resistivity and
dielectric response were caleulated based on polarization and
depolarization current.

A. Normal Ageing Condition

The depolarization current curve of the blocks in any
stressed hours is illustrated in Fig. 5. The conductivities do

not change significantly, neither does polanzation index.

TABLE IIT PDC TEST RESULT OF METAL OXIDE BLOCKS AFTER
BEING STRESSED BY 115°C TEMPERATURE
Parameters
Stressed Resistance [2] :\ppal'e_nt Polariza
Pogts Pol." Depol.! prodixgin ion index
: ” current [A]
6 M1 | 5.75E+10 | S60F+10 1.78E-09 1.16
B M2 | 5.24E+10. | 5.16E+10 1.94E-02 113
M3 | 6.05E+10 | S9SE+10 1.68E-09 117
12 M1 549FE+10 | S40E+10 1 85E-09 113
h; M2 | 6:02E+10 | 5.90E+10 1.69E-09 118
M3 | 7.84E+10 | 7.67E=10 1.30E-09 121
18 M1 6.54E+10 | 645E=10 1.35E-09 117
- M2 | 740E+10 | 723E+10 1 38E-09 1.18
M3 | 646E+10 | 633E+10 1 38E-09 1.18
24 M1 5 80E+10 | 447E=-10 2 24FE-09 121
EI M2 [ 544E+10 | 3 B4E-10 2 60E-09 111
M3 _[“5.12E+10+| 4 15E+10 2 41E-09 113
5 M1 580E+10 | 4 67E+10 2 14E-09 121
< M2 | 544E+10 | 533E+10 1 88E-09 1.11
M3 | 512E+10 | 5.06E+10 1.98E-09 113
z Polarization current * Depolarization current
1.006-08

100509

1.00€-10

DEPOLARIZATION CURRENT[A|

g
g

— 17 hr

24hr

s 18 hr

— 25 B e Before

1.00E-12
1006400

LO0E0L (s LO00E2 L00E<03

Fig. 5. The depolarization current curve of sample 1 under normal ageing
condition.

B. Impulse Ageing Condition

Impulse ageing results were divided into 2 parts ie.,
positive impulse ageing and negative impulse ageing. The
conduction currents increased according to the number of
impulse application shots. On the other hand, polarization
indexes were quite the same compared to the new sample.

TABLE IV. PDC TEST RESULTS OF METAL OXIDE BLOCKS AFTER
BEING STRESSED BY POSITIVE IMPULSE CURRENTS

Parameters
)-‘umher of Resistance [£2] Apparelm Polarizat-
impulses 2 i conduction S
Pol. Depol. ¥ ion index
current [A]
20 | M1 [ 3.82E+10 | 3.830E+10 2.63E-09 1.09
shot | M2 | 5.80E+10 | 5.58E+10 1.79E-09 12
M3 | 5.03E+10 | 497E+10 2.02E-09 1.13
40 M1 _’:.T_’_TE-—IO 3.6&_3E—10 2.72E-09 113
shot M2 | 5.55E+10 | 5.55E+10 1.80E-09 122
M3 | 470E+10 | 467E+10 2.14E-09 1.19
60 | M1 | 3.34E+10 | 3.24F+10 3.09E-09 1.11
shot | M2 | 5.35E+10 | 5.19E+10 1.93E-09 123
M3 | 3.83E+10 | 3.43E+10 2.91E-09 115
100 M1 | 3.02E+10 | 2.99E+10 3.35E-09 112
e M2 | 3.23E+10 | 3.34E+10 4.56E-09 107
M3 | 3.75E+10 | 3.67E+10 2 05E-08 12
* Polanzation current " Depolanzation current
TABLE V. PDC TEST RESULTS OF METAL OXIDE BLOCKES AFTER
BEING STRESSED BY NEGATIVE IMPULSE CURRENTS
Parameters
N_Lunber of Resistance [2 Appm'e_rlr Polarizat-
impulses b b conduction i
Pol. Depol. % ion index
current [A]

20 [ Ml~| 496E+10 | 4.93E+10 2.03E-00 111
shot | M2 | 454E+10 | 454E-10 220E-09 11
M3 | 476E+10 | 471E+10 2.13E:09 111
40 M1 | 406E+10 | 491E=10 2.03E-00 117
shot M2 1.96E+10 -‘!.S_‘SEHO 2.03E-09 118
M3 | 5.68E+10 | 5.55E+10 1.80E-00 119
60 | M1 [ 421E+10 | 406E=10 2 46E-09 117
shot | M2 | 4.22E+10 | 411E+10 2.44E-09 117
M3 | 426E+10 | 434E+10 2.31E-09 124
100 M1 [ 385E+10 | 3.87E+10 2.58E-09 1.16
ot M2 | 3.67E+10 | 3.66E+10 2.73E-09 118
M3 [ 2.93E+10%). 2.81E+10 3.55E-09 1.03

* Palarization current

" Depolarization cwrrent

After 40 shots of impulses application, cracking was
observed on metal oxide blocks surface as presented in Fig. 6.

Fig. 6. Cracking on metaloxide blocks surface after being 40 shots (a) and
100 shots of lightning current impulses.

Figs. 7 and 8 demonstrate the depolarization curve
measured by PDC analyzer of sample 1 after stressed by

positive impulses and negative impulses, respectively.
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Fig. 7. The depolarization current curve of sample 1 under positive impulse
ageing condition.
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Fig. 8. The depolarization current curve of sample 1 under negative impulse
ageing condition.
C. Moisture Ageing Condition

After soaking the metal oxide blocks in the water under
115°C temperature, the blocks were then performed PDC
measurement. As visual mspection, after 12 hours of soaking,
the ingressive moisture was observed inside the blocks as
shown in Fig. 9.

TABLE VL PDC TEST RESULT OF METAL OXIDE BLOCKES AFTER
BENG STRESSED BY MOISTURE AGEING

Parameters
Seaking Resistance [2] Appare‘nt Polirizat
hours Pol® Depol® conduction B Snihox
% current [A]
M1 | 139E+08 | 148E+08 6.76E-07 1.03
Wet | M2 | 832E+08 | 8.17E+H08 1.23E-07 1.13
M3 | 151E+10 | 126E+10 7.93E-00 12
M1 1.11E+09 | 1.09E+09 9.13E-08 0.98
Dry | M2 | 6.04E+09 5.85E+09 1.71E-08 0.98
M3 | 445E+09 | 415E+00 241E-08 0.91

* Polarizstion current

* Depolarization current

Fig. 9. Moisture ingressive observation on metal oxide block surface.

Compared to the new blocks, the polarization index of
metal oxide blocks under dry condition decreased.
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Fig. 10. The PDC curve of sample 1 under moisture ageing condition.

IV. CONCLUSIONS

Following the test results, for the normal ageing condition,
compared to the new samples, the conduction current did not
change significantly. On the other hand, for impulse current
ageing condition. the conduction current increased according
to the number of impulse applications for both negative and
positive polarity. However, there are some differences
between the polarity effects. i.e.. the positive impulse current
can increase the conduction current dominantly compare to
negative impulses. Besides. the conduction current of moisture
strongly increased from the beginning. Although, the samples
were left to dry the moisture, the conduction current was still
higher. Consideration the PDC curve, depolarization curves of
wet and dry conditions are the same level as the new samples.
In contrast, the polarization current became much higher
showing that, for moisture ageing, the insulation properties
were the same but. the conductivity increased. Moreover, the
relationship between of inecrease of conduction current and
year of normal ageing, positive and negative impulse current
ageing is shown in Fig. 11.

5608
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|
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Conduction current (A)

Fig 11 Comparision ageing acceleration curve between 3 ageing factors.
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